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There have been sigificant changes in both food processing and food packaging 
technologies over the last 10 years. These changes have included new ways to process 
foods, the use of new packaging materials, and new methods of manufacturing containers, 
resulting in a large increase in the use of plastic as the food packaging materials [1]. 
However, changes in food packaging have meant that the ways foods interact with 
the packaging have likewise changed. Interaction between foods and the packaging can be 
classified into four types : 
a. migration of components of the packaging material to the food durtng storage or 
preparation.; 
b. permeation of the food container to gases and water vapour; 
c. sorption and / or permeation by organic vapours; and 
d. interaction between foods and food packaging results from the transparency of food 
packages to light. ‘ 
1.2 Recent Studies 
Migration of constituents from many food packaging materials into foodstuff in 
measurable amount is of great concern to researchers and health organisations, and any 
material that migrates from the food packaging materials becomes an indirect food additive 
or constituent. The Food and Drug Administration (FDA) has conducted migration studies 
to provide exposure estimates for newly regulated indirect food additives including any 
material that migrates from the food packaging material [2]. In recent years, the F D A has 
done many research projects on migration testing for regulatory purpose. These include 
the development of new migration cell [3], search for appropriate food simulating liquids 
(FSLs) [4] and the study of high temperature migration of indirect food additives to foods 
[5]. 
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Actually, the concern over the safety-in-use of food contact plastics arises 
principally from the possible toxicity of low molecular weight constitutents that migrated 
into food during storage. These low molecular weight constituents may be some 
polymerisation residues, processing aids and other contaminants [6], There has been 
considerable research in this area in recent years. For examples : 
a. Determination of vinyl chloride monomer (VCM) which was leached from P V C 
miniature bottles in various food samples such as wines, orange concentrates as well as 
in cooking oil or even solid food such as biscuits and cakes which have been packed in 
PVC co-polymer nestings [7], 
b. Determination of acrylonitrile (ACN) in cold packed cheese, peanut butter and margarine 
packed in ACN-based resins [8], 
c. Determination of 1,1,1- trichloroethane, which is used as a chain transfer agent during 
the polymerisation of PVC, in vinyl chloride polymers and in foods packed in P V C 
polymer containers [9], 
d. Determination of styrene monomer in yoghurt, cheese, and chocolate spread packed in 
polystyrene or butadiene-styrene co-polymer containers [10], 
1.3 Naphthalene Contamination in Milk 
W e have recently detected naphthalene in milk drinks contained in low density 
polyethylene (LDPE) bottles. The concentration, however, was found to increase with 
storage time and reached the level of 0.3 ppm at the expiry date while the level was about 
0.01 ppm at the time of purchase. Moreover, naphthalene was also found in the packaging 
material for different batch of milk samples in the range of 0.7 to 2.0 ppm. W e thus 
suspected that the contamination was due to the migration of naphthalene from the 
packaging material into milk. 
Naphthalene is a bicyclic aromatic hydrocarbon with the chemical formula Ci^Hg 
and a molecular weight of 128.16.Naphthalene is the most abundant single constituent of 
coal tar. Thousands of metric tons of naphthalene are produced from coal tar and 
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petroleum each year. Pure naphthalene forms a white crystalline solid at room temperature 
and melts at 80.2 OC. The boiling point of naphthalene is 218 OC. At 19.8 OC, the vapour 
pressure of solid naphthalene is 0.0492 m m of Hg [11]. 
Naphthalene is used as an intermediate in the production of dye compounds and the 
formation of solvents, lubricants, and motor fuels. Naphthalene has also been used directly 
as a moth repellent and insecticide as it has been shown to be toxic to microorganisms and 
has been reported to reduce photosynthetic rates in alage. It has also been reported to be 
acutely toxic to various invertebrate and vertebrate species of aquatic organisms [12]. 
Even though naphthalene is not listed as health-related organic contaminant for 
drinking water and apparently has no guideline value, naphthalene has been linked to blood 
disorders in human and may affect the fetus by traversing the placental membrane following 
naphthalene ingestion by the mother [12]. Hence, it is desirable to estimate a guideline 
value for naphthalene in milk to faciliate discussion. This can be done by mpking use of the 
guideline value for benzene in drinking water of 10 ppb [13] and comparing the permissible 
exposure limit for the workplace of naphthalene (SOmg/m^) with that for benzene (Smg/m^) 
[14]. The guideline value for naphthalene is thus estimated to be ten times as high as for 
benzene, i.e. 0.1 ppm. This estimated guideline value is consistent with the finding of the 
risk analysis made by Frawley [15], who collected chronic toxicity data from the 
determined 'no-effect' levels for the studied chemicals. He finally concluded that any 
chemical suitable for use in food packaging is safe if its concentration does not exceed 0.1 
ppm in the food. 
1.4 Proposed Studies 
The general approach to the assessment of the suitability of a certain packaging 
material for a particular food is to determine the total extractives, a measure of the global 
migration, using suitable food simulants, without testing separately each migrant that may 
be present. The legal requirements as well as the methodology for determinating global 
migration and specific migration for certain monomers can be found in the Code of Federal 
Regulations [16] and the corresponding EEC Directives [17]. 
As naphthalene is a possible chemical contaminant in food, it is desirable that the 
level of naphthalene in milk can be determined and the level of naphthalene in milk within 
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their shelf-life be predicted. Moreover, other relevant aspects, such as the effect of 
naphthalene vapour in the atmosphere, the effect of different packaging materials on 
naphthalene migration, naphthalene contamination in solid food, etc. would also be 
investigated. 
1.4.1 Prediction Method 
In this study, two different methods were developed to predict the level of 
contamination in milk drinks within a certain period of time. The methods are based on 
simulation [18] and mathematical modelling [19], respectively. In the first method, a 
suitable simulant was sought and the simulation conditions were assessed to enable 
prediction of the naphthalene concentration in milk drinks afterward . 
In the second method, a mathematical model was established from experimental 
data. The parameters involved，such as the partition coefficient and the diffusion 
coefficient, could then be determined and the mathematical model used to predict the 
contamination level if the initial naphthalene concentration in the packaging material was 
known for a particular batch of milk samples. 
1.4.2 Atmospheric Effect 
A survey on the naphthalene vapour in air in various places had revealed that the 
ambient atmosphere did contain naphthalene in the range of 0.005 - 0.04 mg/m^. Also, the 
level of naphthalene vapour would be increased to 4 mg/m^ in some occasion. Thus, it is 
desirable to look into the effect of naphthalene vapour on the milk drinks contained in 
L D P E bottles. Migration studies would be carried out in various controlled environment 
having a constant naphthalene concentration. 
On the other hand, volatile organic compounds such as toluene, xylene, ethyl 
acetate, benzene which are all commonly used as solvent in the industry or in daily life, 
were also detected in the ambient atmosphere. Of course, the level would be much higher 
in places where those organic solvent were applied. Thus it is also desirable to study the 
effect of vapour of these volatile organic compounds on the milk drinks. 
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1.4.3 Solid Foods 
Polyethylene is also used as packaging material for semi-solid foods as well as solid 
foods. In the light of this, an investigation was carried out to assess the possibility and the 
extent of naphthalene contamination in solid food packed by polyethylene. As the solid 
food may have an indirect contact with the packaging material, a simulation study was 
proposed to study the possibility of contamination due to the migration of volatile 
contaminants through the packaging material into the food. 
1.4.4. Nature of Packaging Materials 
Apart from polyethylene, other polymeric materials such as poly(vinyl chloride) 
copolymer, polystyrene, polyethylene terephthalate, are also used as packaging material for 
various types of food. A study was carried out to compare the extent of contamination in 
simulant stored in various packaging materials under a controlled environrrem of 
naphthalene. 
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C H A P T E R 2 
Methods for the Determination of Naphthalene 
in Milk and Packaging Materials 
2.1 Introduction 
In order to carry out the proposed investigations mentioned in previous chapter, 
analytical methods for the determination of naphthalene in milk and packaging material 
had to be selected or developed first. As naphthalene sublimes appreciably at temperatures 
above its melting point ( 80.2 °C) and volatilizes with steam [11], naphthalene can be 
extracted from milk samples by means of distillation. The method used in this study was 
based on an extraction of voltaile organic compounds from herb samples using the Dean & 
Stark apparatus [21]. A typical setup is shown in Figure 2.1. 
The method developed would then be applied to conduct a survey on the 
naphthalene level in milk of various brands and contained in various types of packaging 
materials. 
2.2 Experimental 
2.2.1 Instrumentation and Apparatus , 
The naphthalene content was analyzed by gas chromatography after extraction 
from the samples. The analysis was accomplished with a HP 5890 Series II 
chromatography equipped with a flame ionization detector, a HP 3396 II integrator and a 
HP-5 fused silica capillary column (30m length, 0.53mm I D. and 1.5 \.im film thickness). 
The gas chromatographic conditions used were : injector and detector temperatures, 
230°C and oven temperature held at TO^C for 5 min and then increased to 230°C at 6°C 
min-i，the final temperature being held for 5 min. Nitrogen , at head pressure of 10 psi, 
was used as carrier gas. 
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Figure 2.1 The diagram of the Dean & Stark Distillation Setup 
2.2.2 Materials and Reagents 
The milk samples used were purchased batchwise from supermarkets. The 
Naphthalene standard, tetramethylbenzene (internal standard) and all other reagents were 
of analytical-reagent grade. 
Stock internal standard solution was prepared by dissolving 0.0510 g of 
tetramethyl benzene in 50 ml of distilled heptane in a calibrated flask. Working internal 
standard solution was prepared by diluting 0.5 ml of the stock internal standard solution 
to 50 ml with disltilled heptane in a calibrated flask. Stock standard solution, 1000 ^ g m W 
,was prepared by dissolving 0.0500 g of naphthalene in 50 ml of distilled heptane in a 
calibrated flask.Working standard solutions were prepared by mixing 0.125, 0.25 and 0.50 
ml of the stock solution, respectively, with 0.5 ml of stock internal standard solution and 
then diluting to 50 ml with distilled heptane in calibrated flasks. 
2.2.3 Precision and Detection Limit 
a. Precision 、 
The ratio of the peak area of the naphthalene to that of the internal standard were 
recorded for ten successive injection of the 2 ppm standard (with internal standard) were 
recorded. The relative standard deviation for the precision check was found to be 2.8%. 
b. Linearity 
The ratio of the peak area of the naphthalene to that of the internal standard were 
determined in triplicate for a wide range of naphthalene standards to check the linear range 
for the determination. The result are summarized in Table 2.1. 
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Table 2.1 Linear range for the determination of naphthalene 











Correlation Coefficient � 0.9999 
Slope = 0.0683 unit/area ratio 
Intercept = 0.0042 unit 
Thus it can be concluded that the detection of napthalene with tetramethylbenzene 
as the internal standard has a linear range over four orders of magnitude, which covers 
the normal working range for the routine determination of naphthalene. 
c. Detection Limit * 
Detection limit can be viewed as the concentration corresponding to the null 
response of the instrument. From the above linear regression test, such concentration limit 
could be calculated as the ratio of the intercept over the slope of the linearity curve. 
The concentration limit was found equal to 0.066 ppm. For the determination of 
naphthalene in milk, where about 100 gm sample was taken and finally distilled into a 
volume of 2 ml, the detection limit for such determination would then equal to 
(2 ml X 0.066 ppm)/100 gm = 0.001 ppm 
The detection limit for the determination of naphthalene would be 0.001 ppm in milk. 
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2.3 Determination of Naphthalene in Milk 
2.3.1 Procedure 
A homogenized milk sample (100 g) was placed in a 500-ml round-bottomed flask 
followed by the addition of 2 ml of internal standard (in heptane), 180 ml of saturated 
NaCl solution and 1 ml of antifoaming agent (an aqueous emulsion containing 30% w/w 
silicone). The mixture was heated to boiling within 15 min and refluxed for 2 h. The 
heptane extract collected was dried over anhydrous sodium sulfate and the naphthalene 
concentration in the extract was determined by gas chromatography. A typical gas 
chromatogram is shown in Figure 2.2. 
2.3.2 Recovery Study 
Five different samples taken from different batches of milk samples were spiked 
with 10.2 or 30.2 }ig naphthalene standard (i.e. at 0.1 and 0.3 ppm level respectively). 
The naphthalene concentration were then determined by the procedure mentioned above 
and the results are summarized in Table2.2. 
Table 2.2 Recovery data for the determination of naphthalene in milk samples 
Sample Sample Wt. Sample Blank Amount Amount Recovery 
(gm) (l-ig/g) Spiked (昭）Recovered ( % ) 
g) 
B R A N D 1 98.1 0.008 m ^ 93 
B R A N D 1 103.3 0.002 ^ ^ 92 
B R A N D 2 96.0 0.007 m 10.5 96 
B R A N D 2 101.6 ^ 28.0 ^ 
B R A N D 3 105.7 0.026 10.2 13.5 105 
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Figure 2.2 A typical gas chromatogram of an extact of the milk sample extracted 
with n-heptane using the Dean & Stark apparatus 
2.3.3 Survey of Naphthalene Concentration in Milk 
In the market, three different brands of milk samples were found to be contained in 
low density polyethylene (LDPE) bottles. In one particular brand, chocolate and 
strawberry flavoured milk drinks are also available. All these samples usually have a shelf 
life of 3 to 4 months when kept in ambient condition. A survey on the naphthalene level in 
these milk smples was conducted to reveal the possibility of naphthalene contamination in 
these samples. The results of the survey are summarized in Table 2.3. 
Table 2.3 Naphthalene levels in milk samples stored in LDPE bottles 
Levels of naphthalene in milk* (ppm) 
Sample Type 50 d+ 120 d+ 
Sterilized Milk (Brand 1) 0.02 0.09 0.25 
Sterilized Milk (Brand 2) 
Batch 1 ^ 0J4 0.25 
Batch 2 OJ^ 0.24 
Strawberry Milk Drink (Brand 1) 0.01 0.12 0.23 
Chocolate Milk Drink (Brand 1) 
Batch 1 qjy 0.27 
Batch 2 ^ qj4 0.23 
Batch 3 0.02 0.11 0.20 
* Mean of duplicate determinations 
+ Storage time counted from the date of purchase 
From the Table 2.3, it can be seen that the naphthalene level in milk increased with 
storage time. Nevertheless, naphthalene was not detected in milk contained in tetrapak ( 5 
samples taken) and in glass bottles (2 samples), respectively. Thus the observed 
contamination might come from the packaging material, namely, LDPE. 
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2.4 Determination of Naphthalene in the Packaging Material 
2.4.1 Standard Method 
Solvent extraction is commonly recommended for the determination of additives or 
contaminants in packaging materials [18], and for polyethylene, refluxing under hot 
toluene is recommended [22]. However, we have found that toluene is not suitable for the 
determination of naphthalene in polyethylene bottle for the following reasons : 
a. Toluene, from three different manufacturer, was found to contain naphthalene as an 
impurity at a level of about 0.5 ppm. Gas chromatography was used for the determination 
and the existence of naphthalene was confirmed by mass spectrometry determination. As 
naphthalene sublimes at high temperature, it cannot be removed from toluene by 
distillation. 
b. For packaging having a low level of naphthalene (i.e. below 1 ppm by weight), an 
additional preconcentration step would be required such as evaporation under a stream of 
nitrogen. However, by doing so, the blank was increased as naphthalene exists as impurity 
in toluene used. 
c. After the toluene reflux, it takes time and effort to remove all polyethylene residue 
sticked to the wall of the flask. 
Take into account of these disadvantage, it was desirable to develop another simpler and 
more efficient method for the determination of naphthalene in packaging material. 
2.4.2 Proposed Method 
As naphthalene sublimes appreciably at high temperature, it should be possible for 
It to be extracted from the packaging material (LDPE) by means of the Dean and Stark 
distillation. 
A piece of packaging material ( about 3.5 g m ) was cut into small pieces and 
added into a 250-ml round bottom flask followed by addition of 2 ml of internal standard 
( m heptane). The mixture was then left for 1 hour to facilitate the extraction afterward as 
the packaging material might be swollen up by the heptane added and then some of the 
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naphthalene inside the packaging material might be extracted into the heptane by means of 
diffusion. Finally, 130 ml of saturated sodium chloride solution was added to the flask and 
the mixture was heated to boiling in 10 min. and refluxed for 2 hour. The naphthalene 
extracted was determined by gas chromatography. 
2.4.3 Validity Check 
A new method would be accepted only if the results obtained are consistent with 
those obtained by the standard method over a wide working range of concentrations of the 
analyte. 
In order to check the consistency of two different analytical methods, samples with 
known concentration of analyte should be available • Also, they should be provided in a 
wide range of concentrations so that the comparsion of the two method was not taken 
only at one point. 
However, polyethylene bottles with known amount of naphthalene were not 
available, and not to mention that they should be provided in a wide range of 
concentrations. The unique solution for this problem was to boost up the naphthalene 
concentration of the polyethylene bottles artifically at different levels and then divide the 
sample evenly into two portions. The naphthalene concentration of each portion was then 
determined by the two methods respectively and the results were compared. 
A controlled environment of naphthalene was created by placing a source of 
naphthalene vapour, 100 gm of vegetable oil with 1 of naphthalene dissolved in it, in a 
closed dessicator and left for 1 week to attend an equilibrium state. The polyethylene 
bottles were then placed inside the dessicator for a period of time. The exposure time was 
used to control the level of naphthalene desired. For examples, it might require 2 week to 
boost up the naphthalene level to 1000 ^ ig/g while it might just require 2 hour to attain 
the level of 3 jug/g. 
The results obtained by using the two different methods for polyethylene bottles 
with naphthalene concentrations ranging from 0.4 ^ g/g to 1000 ^ g/g were compared. 
Toluene contamination was get over by conducting the toluene blank analysis for each 
determination. The results are summarized in Table 2.4. 
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Table 2.4 Comparsion of two determination methods for naphthalene in LDPE bottles 
Standard Method Dean & Stark Deviation 
1010 ppm 1015 ppm 1 % 
820 ppm 860 ppm 5 % 
225 ppm 220 ppm 2 % 
52 ppm 52 ppm 0 % 
20 ppm 20 ppm 0 % 
2.9 ppm 3.1 ppm 6 % 
0.4 ppm 0.4 ppm 0 % 
From Table 2.4, it is clear that the extraction by distillation using Dean & Stark 
apparatus could be used as an alternative method for the determination of naphthalene in 
the polyethylene bottles. In fact, this method would be a simpler one compared with the 
standard method. 
2.4.4 Survey of Naphthalene Concentration in Packaging for Milk 
The established method was then employed to determine the naphthalene 
concentration in milk sample bottles from seven different batches of milk samples 
purchased from various supermarkets. The concentrations were found to be in the range 
of 0.2 - 1.7 ppm. Moreover, The variation of naphthalene level within the same batch was 
also checked for two different batches. From a batch of milk samples, 5 samples were 
randomly selected and the naphthalene concentration of the sample bottles were 
determined by the distillation method using the Dean & Stark apparatus. The mean and 
standard deviation of the result were then calculated. The determination was repeated for 
another batch of milk samples. The results are summarized in Table 2.5. 
Table 2.5 Variation of naphthalene level within same batch of LDPE bottles 
— N a p h t h a l e n e level in different trial (ppm) Mean Standard Deviation 
0.91 0.95 0.92 0.91 0.87 0.91 “ 3。/。 
- 2 I 0.21 I 0.20 0.20 0 20 0.18 0.20 5 o/。 
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From the above result, it can be seen that the variation of naphthalene levels in the 
sample bottles within a same batch of samples was not great. This result was reasonable as 
every bottle within the same batch should have gone through the same processing 
conditions including transportation and storage. 
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C H A P T E R 3 
PREDICTION METHOD I � SIMULATION 
3.1 Introduction 
Even though naphthalene is not listed as a health-related organic contaminant for 
drinking water and apparently has no guideline value, naphthalene has been linked to 
blood disorders in humans and may affect the foetus by tranversing the placental 
membrane following naphthalene ingestion by the mother [12]. Hence, it is desirable to 
estimate a guideline value for naphthalene in milk to facilitate discussion. This can be done 
by making use of the guideline value for benzene in drinking water of 10 ng m W [13]�and 
comparing the permissible exposure limit for the workplace of naphthalene ( 50 m g nv^) 
with that for benzene ( 5 m g m-^) [14]. The guideline value for naphthalene is thus 
estimated to be ten times as high as for benzene, i.e.，100 ng m H or 0.1 ug m W . 
As a chemical contaminant in food, it is desirable that the level of naphthalene in 
milk be determined. However, in the present surveillance programme conducted by the 
Health Department in Hong Kong, food contamination are checked on immediate 
examination after the samples were collected. Thus the problem of naphthalene 
contamination would be overlooked if the samples were examined at an early moment 
when the naphthalene level was still at a tolerable level. The main objective of this study 
was to develop methods to predict the level of naphthalene in milk at the time well before 
the expiry date of the milk samples. Indeed, information obtained would be useful in the 
stipulation of new regulations or testing guidelines by the authority concerned to safe-
guard the public health. 
In this study, two different methods were developed to predict the level of 
naphthalene contamination in milk drinks within a certain period.The first was a simulation 
method [18], where a suitable simulant was sought and the simulation conditions were 
assessed to enable prediction of the naphthalene concentration in milk drinks after storage 
at 25。C for various periods of time. 
The second method made use of technique of mathematical modelling [19]. An 
equation was suggested which was based on experimental data using the simplex 
optimization method [20], The simplex optimization method was also used to obtain the 
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best fit of the experimental data to calculate the partition coefficient and the difiiision 
coefficients. Prediction could be done if the initial naphthalene concentration in the 
packaging material is known for a particular batch of milk samples. Details of this method 
can be found in Chapter 4. 
The general approach to the assessment of the suitability of a certain packaging 
material for a particular food is to determine the total extractives, a measure of the global 
migration, using suitable food simulants, without testing separately each migrant that may 
be present. The legal requirements and the methodology for determining global migration 
and specific migration for certain monomers can be found in the Code of Federal 
Regulations [16] and the corresponding EEC Directives [17]. 
According to the existing F D A regulation, the suitability of using low density 
polyethylene bottles for storing milk drinks is determined by the global migration test [23] 
using water as the extractant The amourt of substance extracted by water at 66<>C for 2 
hours have to be less than 0.5% [16]. However, this test cannot provide any indication of 
the level of naphthalene contamination in milk as naphthalene in not extractable by water. 
Thus another simulant as well as appropriate simulation conditions need to be developed to 
study the suitability of using polyethylene bottles for storing milk drinks. In other words, 
specific migration [23]，instead of global migration, should be determined in the study. 
3.2 Experimental 
3.2.1 Instrumentation and Apparatus 
The naphthalene content was determined by gas chromatography after extraction 
from the samples. The analysis was accomplished with a HP 5890 Series II 
chromatography equipped with a flame ionization detector ’ a HP 3396 II integrator and a 
HP-5 fused silica capillary column (30m length, 0.53mm I.D. and 1.5 |am film thickness). 
The gas chromatographic conditions used were : injector and detector temperatures 23 O C 
and oven temperature held at 70°C for 5 min and then increased to 230°C at 6°C mm-\ the 
final temperature being held for 5 min. Nitrogen，at head pressure of 10 psi，was used as 
carrier gas. 
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3.2.2 Materials and Reagents 
Standard preparation was the same as before while the peanut oil, used as a 
simulant, was purphased from supermarket. The milk samples used were purchased 
batchwise from different supermarkets. All other reagents used were of analytical-reagent 
grade. 
As a large number of bottles were needed for the simulation studies, low density 
polyethylene sample bottles were used instead of milk bottles. Nine LDPE bottles were 
randomly taken from the same batch of bottles and the naphthalene concentration in 
them were determined by toluene reflux method [18]. These sample bottles were found to 
have a mean naphthalene concentration of 4.3 ppm with standard deviation of 2.6%. 
3.2.3 Procedure 
[Choice of Simulant 
A simulant for milk for the extraction of naphthalene from LDPE bottles was sought. 
Food simultants suggested by the Codes of Federation [16] and the European 
Communities Directives [17] are water, 8 % ethanol, 50% ethanol, ethanol, heptane and 
edible oil. These simultants were tested,: 75 ml of each simulant was added to each of the 
5 different polyethylene sample bottles and kept at 66°C for 1,2, 3,4 and 5 hour 
respectivity. The naphthalene extracted was then determined by gas chromatography. For 
n-heptane and ethanol, the simultant was concentrated to 2 ml by a rotary evaporator. 
Naphthalene extracted by others type of simultants was extracted by distillation using the 
Dean & Stark apparatus. 
b. Simulation Temperature 
As was mentioned in the Code of Federations [16], the testing procedure of 
simulation might take place at different temperatures according to the processing 
condition or types of food to simulate the real situation. The simulation temperatures 
suggested by the Code of Federations is lied between 25°C and 66。C. 
For the determination of the simulation temperature, 75 ml of peanut oil were added to 
each of the 8 and kept t at 66。C. They were taken off after 2, 4, 8，16’ 24 and 40 hours 
respectivity. The naphthalene extracted was determined by gas chromatography after 
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extraction by Dean & Stark distillation. The above procedure was repeated for 50, 45 and 
25°C. ’ 
c. Simulation Time 
The appropriate simulation time was found by comparing the amount of 
naphthalene extracted by milk at room temperature and that by the simulant at 66°C. Eight 
polyethylene sample bottles were filled with milk and stored in a cool, dry place. The 
naphthalene extracted was determined at different intervals over a period of 60 days. The 
results obtained were plotted and matched with those for the simulant at 66。C. 
3.3 Results and Discussion 
3.3.1 Choice of Simulant 
Common food simulants, viz., water, 8 % ethanol, 50% ethanol, ethanol, heptane 
and peanut oil, were assessed for their suitability for the migration study at 66。C. The 
results are summarized in Table 3.1. The trend of extractability of naphthalene by the 
simulants are shown in Figure 3.1 for comparsion . 
Table 3.1 Naphthalene extracted by different simulants 
Naphthalene conc. in simulant, ppm 
Simulant 1 h+ 2 3 h+ 4 h+ 5 h+ 
water 0.005 0.005 0.005 0.005 0 00^ 
8% Ethanol 0.007 0.008 0.006 0.006 0.003 
50%Ethanol 0.022 0.034 0 . 0 4 2 _ _ 0 0 4 Q _ n r^u 
Ethanol 0,078 0.098 0.101 0.113 0.131 
Edible Oil 0.009 0.010 0.017 O O I R n m n 
n-Heptane 0.143 0.157 0.160 0.163 
Milk 0.015 0020 0.025 0.028 ~ 0 3 2 
Note : Milk was included in the above extractability test for comparsion. 
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Figure 3.1 Naphthalene migrated into some common food simulants contained in 
polyethylene bottles at 66oC for various periods of time. The Simulants included, 
peanut oil (-A-), ethanol ( -x- ) , 50% ethanol (-•-)，8% ethanol • 
n-heptane (-•-), and water (- • -)• Milk (- + -) was also included for comparsion. 
Result shown in Table 3.1 indicate clearly that: 
a. On one extreme, water and 8 % ethanol did not extract measurable amounts of 
naphthalene from the polyethylene bottle and hence should not be chosen. 
b. Heptane and ethanol should not be the appropriate simulant because they gave very 
high extraction of naphthalene (i.e. the saturation state was attained in a very short time). 
c. 50 % ethanol should not be chosen because ethanol may re-extract naphthalene from 
the heptane distillate back into the aqueous phase and then lead to a low recovery of 
naphthalene by the Dean & Stark distillation as shown in the following table. This is due to 
the miscibility of water and ethanol and the high solubility of naphthalene in ethanol. 
Amt. Spiked Amt. Recovered Recovery 
(HB) (iiS) ( % ) 
Trial 1 10.24 5.67 554 
Trial 2 20.48 12.35 60.3 
Average Recovery = 58 % 
d. The only candidate left behind was peanut oil, which could, nevertheless, fulfill the 
basic requirements of a simultant such as 
i. it has the same nature of the food concerned 
-both milk and peanut oil are classified as fatty food 
ii. it must be phsysically and chemically stable throughout the simulating process 
-the physical state and chemical compossition of peanut oil does not change over a 
wide range of temperature. 
• • • • 
III. It can extract the chemicals being migrated from the packaging to food 
-naphthalene has a moderate extactability from the polyethylene bottles by peanut oil 
IV. the substance extracted by the simulant can be determined by simple method with high 
percentage recovery. 
_ Data of the recovery study of naphthalene from peanut oil by Dean & Stark 
distillation are shown in the following table 
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Amt. Spiked Amt. Recovered Recovery 
(M (Ml ( % ) 
Trial 1 30.23 28.88 96 
Trial 2 15.60 14.32 92 ~ 
Average Recovery = 94 % 
3.3.2 Simulation Temperature 
After choosing peanut oil as the simulant, the migration experiment was repeated 
at 25, 45 and 49°C and the results are summarised in Table 3.2 and shown graphically in 
Figure 3.2. 
Table 3.2 Naphthalene extracted by peanut oil at different leaiperatures 
Naphthalene conc. in peanut oil, ppm 
Temperature (QQ 2 h+ 4 h+ 8 h+ 16 h+ 24 h+ 40 h+ 
^ 0.006 0.008 0.012 0.014 0.017 n 09 
45 0.008 0.010 0.015 0.019 0.031 0.034— 
50 0.012 0.018 0.022 0.028 0.040 _0054_ 
66 0.010 0.018 0.025 0.029 0.045 0.075 
“+ “ Extraction time 
It was observed that the extractability of naphthalene by peanut oil increased with 
increasing temperature. A much higher temperature was not'appropriate because the 
polyethylene bottle might be deformed at high temperature. Comparing the shapes of 
curves for peanut oil obtained at the above temperatures revealed that only at 66°C did the 
shape resemble to that of by milk at 25。C shown in Figure 3.3. Hence 6 6 ^ was chosen 
as the temperature for the simulation experiment. This temperature also had the advantage 
that the experiment was completed within a reasonable period of time. 
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Figure 3.2 The concentration of naphthalene in peanut oil contained in 
polyethylene bottles at 25°C (- • -), 45°C (-H-), 50°C (-•-)，and 66oC (-十-)， 
respectively, for various periods of time. 
3.3.3 Simulation Time 
The trend of naphthalene extraction by milk under amient condition and that by 
peanut oil at 66°C were obtained and the results are summarised in Tables 3.3a and 3.3b 
and shown graphically in Figure 3.3. 
Table 3.3a Naphthalene extracted by milk at 250C 
Naphthalene Cone, in Milk (ppm) 
Time (day) Total ^ ^ 
0 0.023 -
5 0.032 0.009 
10 0.035 0.012 
16 0.042 0.019 
25 0.043 0.020 
33 0.045 0.022 
41 0.054 0.031 
51 0.075 0.052 
60 0.083 0.060 
Table 3.3b Naphthalene extracted by peanut oil at 
Naphthalene Cone, in Oil ( ppm ) 
Time ( hr) Total Net 
.0 0.020 -
2 0.030 0.010 
4 0.038 0.018 
6 0.043 0.023 
8 0.045 0.025 
16 0.049 0.029 
24 0.065 0.045 
32 0.089 0.069 
40 0.095 0.075 
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Figure 3.3 The trend in naphthalene concentration in milk (- • -) stored in 
polyethylene bottles at 25°C (curve I) and that in peanut oil (- + -) at 66�C 
(curve n) for various periods of time. 
It can be seen from Figure 3.3，naphthalene extracted by peanut oil at 66°C for 30 
hours was equivalent to that extracted by milk at 25。C for 60 days. As linearity was 
observed over a range of time for the two extraction curves, the same timing ratio was 
then expected to be applicable for other points (e.g. 48 hours extracted by peanut oil at 
66。C should be equivalent to 96 days extracted by milk at 25。C) 
3.3.4 Validity Check 
The simulation method can be used to predict the level of naphthalene 
concentration in milk contained in polyethylene bottles. The validity of this prediction 
method was tested as follows. 
A batch of milk samples from the same manufacturers were taken for the studv. 
The milk samples were stored at 25«C in the respective milk bottles and their naphthalene 
contents were determined over a period of 100 days. The migration of naphthalene from 
the milk bottles into peanut oil at 66。C was also determined over a period of 48 hr 
according to the procedure described above. The results were given in Tables 3.4a and 
3.4b. Also included in the tables are the equivalent storage times with milk at 25。C which 
were calculated using the relation that 30 h in peanut oil at 66®C is equivalent to storage 
for 60 days in milk at 25。C. The predicted results as well as the migration of naphthalene 
in milk are shown in the Figure 3.4. The above procedure was repeated for another batch 
of milk samples. 
Table 3.4a Validity check of the prediction metnod for the sample batch A 
Extraction Time by Oil, 66。C , (h) 24 ^ 39 48 
Equivalent Time in Milk, 25^0, (d) 48 ^ 73 96 
N叩.Cone in Oil, 66QC (ppm) 0.055 0.069 0.083 0.135 
Nap. Cone in Milk, 25QC (ppm) 0.047 0.067 0.095 0.133 
Deviation 0.008 0.002 0.012 0.002 
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Figure 3.4 Experimental (- • -) and predicted (- + -) values of naphthalene conc. 
in milk stored at 25°C in polyethylene bottles, prediction being done by simulation 
with peanut oil at 66°C. 
Table 3.4b Validity check of the prediction metnod for the sample batch B 
Extraction Time by Oil, 66^C , (h) 30 36 42 48 
Equivalent Time in Milk, (d) 60 72 84 96 
Nap. Cone in Oil, 660C (ppm) 0.041 0.043 0.058 0.076 
Nap. Cone in Milk, 250c (ppm) 0.034 0.044 0.058 0.076 
Deviation 0.007 0.001 0 0 
Average Deviation : 0.002 ppm 
It can be observed that the correlation between the experimental and predicted values is 
good for both batch of milk samples. Hence the proposed simulation method can be used 
to predict the concentration of naphthalene in milk stored in polyethylene bottles at 25®C 
for 60 - 100 days, which covers the usual shelf-life of milk samples. 
3.4 Conclusion 
The proposed simulation method provides a convenient way to predict the 
naphthalene concentration in milk at or near the expiry date. It appears that an accurate 
estimate of the naphthalene value in milk stored at 25°C for less than 60 days is not 
possible. Nevertheless, this does not affect the usefulness of the method as the shelf-life of 
sterilized milk is generally more than 60 days. ， 
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CHAPTER 4 
PREDICTION METHOD U 
MATHEMATICAL MODELLING 
4.1 Introduction 
In using the technique of mathematical modelling to tackle real problems, models 
are sought to simplify but at the same time retain the important and relevant features of 
the problem under study. In fact, modelling can be seen as an activity which when applied 
to real problem lead to understanding, prediction and possible control [19]. 
The starting point may be a conceptual model or an established mathematical 
model dealing with a relevant processes and varibles . By translating these processes into 
equations specifying the relationship between the variables, the mathematical mode) is thus 
formulated and then solved by other mathematical techniques to give numerical values for 
the quantities of interest. Optimization methods are the frequently used mathematical 
technique for this special purpose.The results are then interpreted in problem term and 
compared with experimental data. If the agreement is not judged to be adequate, a new 
model has to be formulated. 
The quantitative approach to the prediction of the naphthalene contamination level 
in milk drinks requires the development of a mathematical model describing the amount of 
naphthalene migrated as a function of time and of other intrinsic factors such as partition 
coefficient and diffusion coefficient. The underlying theme throughout this chapter is to 
discuss how the mathematical model, based on a relevant model, was developed and 
applied to the real situation. 
4.2 Experimental 
4.2.1 Instrumentation and Apparatus 
Same as described in Section 3.2.1. 
4.2.2 Materials and Reagents 
Same as described in Section 3.2.2. 
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4.2.3 Procedure 
Milk samples were taken from the same batch and their naphthalene concentrations 
were determined by gas chromatography at different intervals over a period of 3 to 4 
months using the same procedure described in Section 2.3.1. 
A mathematical model was proposed and then checked against the set of 
experimental data obtained. Curve fitting was done by simplex optimization [20] using an 
iterative BASIC computer program [Appendix I-l], 
4.3 Results and Discussion 
A typical trend in the migration of naphthalene into milk is shown ；n Figure 4.1. 
The experimental results are summarized in Table 4.1. The storage time was counted from 
the date of purchase. 
Table 4.1 Naphthalene concentration in milk for different storage time 
Storage Naphthalene Concentration (ppm) 
Time (day) in milk net conc. 
0 0.017 ‘ -
14 0.035 0.018 
28 0.057 0.040 
42 0.054 
72 0.098 0.081 
85 0.179 0.162 
112 0.301 0.284 
Snyder and Breder [3] had presented an equation to model the observed migration 
of styrene from polystyrene disc into various solvents based on Pick's Law [24] 
H = C p . A.K.(1-exp( Z2 ) . erfc (Z) ) ( Eq. 4.1) 
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Figure 4.1 A ^ i c a l trend of the migration of naphthalene in milk 
within 3 months' storage tune after the date of purchase 
where Z = 
A-K 
Mt = styrene migration, lig/cm^  
Dp = Diffusion coefficient of styrene in the polystyrene , cm^/s 
K = Partition coefficient of styrene betweem polystyrene and solvent 
Cp = Initial concentration of styrene in polystyrene disc, ^ g/cm^ 
t = time, s 
A = volume per unit surface area, cm 
erfc (Z) = -—rQxp(-u^)du 
An attempt was then made to use equation 4.1 to calculate the amount of 
naphthalene migrated from the polyethylene milk bottle into milk. However, the data 
generated could not be fitted to the experimental data. This indicates that the migration 
kinetic was not a simple Fickian one, where no interaction between milk and packaging 
material would be expected. 
The possible interaction between milk and the packaging material is the penetration 
of milk and its ingredients leading to swelling of the packaging material polyethylene. This 
may change the diffusion coefficient within the packaging material and finally cause an 
increase in the rate of naphthalene migration. 
In fact, Snyder and Breder [3] observed an increase in the diffusion coefficient of 
styrene within polystyrene, which they ascribed to solvent penetration. However, they did 
not study this effect further. Chang et. al [25] suggested that for the diffusion of small 
migrant molecules from a polymer into a solvent, the deviations from normal Fickian 
behaviour are due to the solvent/polymer interaction in the initial stage, which leads to a 
swollen polymer. They had proposed a diffusion equation with a moving boundary 




4.3.1 Proposed Mathematical Model 
The analytical solutions for moving boundary diffusion equations [26] are 
extremely complex. However, if we asssume that the diffusion coefficient is much larger in 
the swollen polyethylene than in the diffusion-controlled region, we can suggest a 
relatively simple solution as follows : 
Ct = Cp. K . exp(Z2). erf(Z) (Eq.4.2 ) 
where V Z = ^ 
A'K 
erf(Z) = -^f'exp(-u')c/u 
Ct = naphthalene concentration in milk samples at time t, ^ g/ml 
Cp = naphthalene concentration in the packaging material, ^ ig/g 
Dp = diffusion coefficient of naphthalene in the packaging material 
K = partition coefficient of naphthalene between the milk and the packaging 
material 
t = storage time, s » 
A = volume of milk per sq. cm of bottle surface 
For convenience, equation 4.2 was expressed in concentration term instead of .. •“ 
mass migrated per unit surface area. Equation 4.2 can be used to calculate the 
concentration of naphthalene migrated into milk if Cp’ Dp and K are known. Cp can be 
determined experimentally as described in Chapter 2. The simplex optimisation method 
[30] can be used to obtain the best fit of the experimental data and solve the equation 4.2 
for optimized values of K and Dp . 
However, the equation 4.2 will be accepted only if it can fit the experimental data 
well. Usually, the fitting is checked by computing the root mean square error [27] between 
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the experimental values and those predicted by the proposed equation. The root mean 
square error is defined as 
i 
‘ ⑴ e x p - C W m o d l ^ 
RMS error ^ ^ ^ 鍾 
V N-0 
I 
where = Experimental values at time t C(t)mod = Predicted values by model at time t 
N = Number of experimental points 
Q = Number of parameters involved 
The initial naphthalene concentration in the packaging material (Cp) for the 
previous batch of samples was determined to be 1.7 ug/g. The optium values of K and Dp 
were then determined to be 0.016 and 6.6 X lO-u cmVs, respectively. 
Using the Cp value determined and the optimum values of K and Dp, the 
naphthalene concentration in milk samples (Ct) were then calculated and compared with 
the experimental values, and the results are shown in Table 4.2. The plot of experimental 
and predicted Ct values are shown in Figure 4.2. It can be seen that the calculated values _ 
fit the experimental data well with root mean square error of 0.005. 
Table 4.2 Comparsion between the experimental data and predicted values 
Storage Naphthalene Conc. in 
time Milk, (ppm) 
(days) Found predicted 
一_14 0.018 0.020 
28 0.040 0.036 
42 0.054 0.054 
72 0.121 0.115 
84 0.162 0.155 
100 0.226 0.224 
112 0.284 0.283 “ 
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Figure 4.2 The naphthalene concentration in milk samples stored at 25°C in 
Polyethylene bottles determined experimentally (- • -) and predicted (- + -) using 
the proposed mathematical model 
1 
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Also，by a sorption method [Appendix 1-2], the diffusion coefficient of naphthalene 
in polyethylene was estimated to be 10 xlCHi cmVs which is quite close to the optimized 
Dp value, at least of the same order. Unfortunate, there is no standard procedure for the 
determination of the partition coefficient of migrant between the two phases. From the 
previous simulation study, it was noticed that the extractability of naphthalene from 
polyethylene by milk is ssimilar to that by diluted ethanol. On the other hand, Snyder and 
Breder [3] had reported the value of partition coefficient ofstyrene between polystyrene 
and 50% ethanol as 0.03. Taking this as a reference, we consider that the that the 
optimized K value (0.016) should be reasonable, at least of the same order when compared to a similar system. 
4.3.2 Validity Check 
The validity of equation 4.2 was further confirmed by repeating the experiment and 
the calculation using two other batches of milk samples. The results are shown in Table 
4.3’ where it can be seen that the calculated values again agreed well with the 
experimental results, and the average mean square error in the fitting was 0.007. 
The naphthalene concentration in the packaging materials in batch 1 and batch 2 were 0.7 
and 0.9 ppm respectively. 
Table 4.3 Comparsion of experimental data and predicted value of naphthalene 
Naphthalene Conc.(Ct) in Milk, (ppm) 
—Storage Time Batch 1 Batch 2 
—(days) Found Predicted Found Predicted 
14 0.009 0.009 0.009 0.010 
28 0.018 0.015 0.013 0.017 
42 0.027 0.023 0.018 0.026 
一 56 - ： 0.032 0.038 
72 : - 0.051 0.052 
80 0.043 0.058 - . 
— 100 0.084 0.086 0.120 0.111 
Eqation 4.2 also suggests that the concentration of naphthalene that has mid from 
the concentration from the packaging material into milk (Ct) is directly proportional to the 
naphthalene content of the packaging material (Cp). This was verified to be true by the 
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linear graph in Figure 4.3 where the Ct values for 100 days of storage are plotted against 
the corresponding Cp values. 
4.4 Conclusion 
It is apparent that equation 4.2 is a useful mathematical model to describe the 
observed migration of naphthalene into milk assuming that solvent pentration has taken 
place, the equation can be used to calculate the level of naphthalene in milk using the 
optimum values of K and Dp reported in this chapter. 
However, it is worthwhile to note that even when Cp was 0.7 ppm, the Ct value at 
the expiry date (about 100 days after date of purchase) was 0.084 ppm, which is close to 
the estimated guideline value of 0.1 ppm. It is therefore of vital importance to decrease the 
level of residual naphthalene in the packaging material. 
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Figure 4.3 Naphthalene migrated into milk (Ct) at 25°C as a function of the 
concentratioii of naphthalene in the packaging material of Hie milk bottle (Cp) 
CHAPTER 5 
ATMOSPHERIC EFFECT : NAPHTHALENE VAPOUR IN AIR 
5.1 Introduction 
In our previous study, we have found that the naphthalene concentration in milk 
drinks，which were stored in low density polyethylene (LDPE) bottles, was increasing with 
time. W e suggested that this phenomena was due to the migration of naphthalene from the 
packaging material into milk. W e have developed a simulation method to predict the 
naphthalene concentration in milk. Moreover, a simple mathematical model have also been 
proposed to describe the observed migration of naphthalene into milk. 
W e suspected that naphthalene in the environment was the possible source of 
naphthalene observed in the milk drinks contained in LDPE bottles [28]. Hence, the study 
was extended to investigate the effect of naphthalene vapour in air on the level of 
naphthalene observed in the milk drinks. The naphthalene concentration in various places 
were determined according to A S T M standard methods [29]. 
Based on the results of the migration studies under various controlled environment 
having constant naphthalene concentration, a mathematical model was established to 
describe the migration of naphthalene from the atmosphere into milk. In the proposed 
model, the naphthalene source for the migration of naphthalene into milk was guessed 
according to the trend of naphthalene increase in the packaging material under the same 
condition. Then the amount of naphthalene migrated was estimated from the source term 
making use of the analytical solution available in the literature. 
The effect of fat content in milk on the extent of naphthalene migration was also 
assessed by comparing the amount of naphthalene migrated into water, low fat sterilized 
niilk，sterilized milk and edible oil as well. 
Experimental 
S.2.1 Instrumentation and Apparatus 
Same as described in Section 3.2.1. 
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5.2.2 Materials and Reagents 
The milk samples used were purchased batchwise from supermarket. The edible oil 
as well as the moth balls were also purchased from supermarket. Naphthalene standard, 
tetramethylbenzene (internal standard) and all other reagents were of analytical-reagent 
grade. Stock solution and working standard solution were prepared with procedure 
described in Section 3.2.2. 
5.2.3 Procedure 
a. Survey of Naphthalene Vapour in Air 
The determination was based on the A S T M standard method D3686-89 and 
D3687-89 for the analysis of volatile organic solvents in air [29], A known volume of air 
was drawn through a charcoal tube to trap the organic vapours present. The charcoal in 
the tube is then desorbed with carbon disulphide. The desorbed sample was then analysed 
by gas chromatograhic method. After chromatographic separation, the sample were 
identified using ion trap mass spectrometer and quantitated by flame ionization detector. 
L. Migration Studies 
Naphthalene in the packaging material was extracted by distillation using a Dean 
and Stark apparatus [21]. About 3 g of the packaging material were cut into small pieces 
and placed in a 250 ml round-bottomed flask followed by the addition of 2 ml of working 
internal standard in heptane and 130 ml of saturated NaCl solution. The mixture was 
heated to boiling in 10 min and refluxed for 2 h. The collected heptane extract was dried 
over anhydrous sodium sulfate and the naphthalene concentration in the extract was 
determined by gas chromatography. 
Naphthalene was extracted from the milk samples also by distillation using a Dean 
and Stark apparatus. A homogenized milk sample (100 g) was placed in a 500 ml round-
bottomed flask followed by the addition of 2 ml of internal standard (in heptane), 180 ml 
of saturated NaCl solution and 1 ml of antifoaming agent (an aqueous emulsion containing 
30。/o m/m silicone). The mixture was heated to boiling within 15 min and refluxed for 2 h. 
The heptane extract collected was dried over anhydrous sodium sulfate and the 
naphthalene concentration in the extract was determined by gas chromatography. 
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c. Controlled Environment 
A saturated naphthalene environment was established by placing around 40 g of 
solid naphthalene inside a closed vessel (a desiccator, 24 cm i.d.) and the whole system 
was left unattended for a month to achieve the equilibrium state. After that, four 100-ml 
beakers containing 20.0 g vegetable oil each were placed inside the closed vessel, and the 
amount of naphthalene absorbed by the oil was then determined weekly. 
Controlled environment was established by placing a beaker of vegetable oil with 
2 g of naphthalene dissolved in it in a closed vessel (a desiccator, 24 cm i.d.) and the 
whole system was left unattended for a month to achieve the equilibrium state. After that, 
four 100-ml beakers containing 20.0 g vegetable oil each were placed inside the closed 
vessel, and the amount of naphthalene absorbed by the oil was then determined weekly. 
么 过 hgmatical Modelling 
Milk samples were placed inside a controlled environment. The naphthalene 
concentration in the packaging materisl and milk were determined in duplicate at different 
intervals over a period of four weeks. The above procedure was repeated for another 
controlled environment. A mathematical model was proposed and then checked against 
the set of experiment data obtained. Curve fitting was done by simplex optimization using 
an iterative computer program [30]. 
5.3 Results and Discussion 
Survey of Naphthalene Vapour in Air 
Using the A S T M standard method, the naphthalene vapour concentration at 
different places were determinated and reported in Table 5.1 .The naphthalen concentration 
in places where lacquer paint or naphthalene based moth repellent were involved were 
also included in the survey. 
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Table 5.1 The level of naphthalene vapour in various place 
determined using the A S T M method 
Sampling Cites Naphthalene Cone. I 
(mg/m3) 
Open Area 0.005 
Resident Premise 0.013 
Store Room A 0.027 
Store Room B 0.029 
Office A 0.041 
Office B 0.008 
Office C 0.005 
Laboratory A 0.025 
Laboratory B 0.100 
Laboratory C 0.003 
Special Occasion Naphthalene jConc. 
~ ~ — ( mg/m^) 
Inside a cupboard stored with some moth ball 4.00 
Inside a room freshly painted with lacquer paint 0.35 
From the survey, it was observed that the naphthalene concentration in air was in 
the range of 0.003 _ 0.041 mg/ml They probably came from the burning of coal for 
electricity [31] as coal molecule consists of several aromatic and heterocyclic rings [Figure 
5.1；!. Also, naphthalene, a polyaromatic compound, can be generated in the burning 
process by cyclisation and condensation of simple hydrocarbon units [Figure 5.2]. Such a 
process is usually called pyrolysis, which occurs in the post flame reactions of the 
combustion process. Besides of coal burning, combustion of gasoline diesel, light 
petroleum gas, kerosene and coal gas may also produce naphthalene and other 
polyaromatic compound by means of pyrolysis [32]. Moreover, cigarette smoking would 
contribute to indoor naphthalene vapour as 2.8 昭 naphthalene would be emitted in one 
cigarette smoking [33]. However, the naphthalene concentration might be raised to a level 
of 0.35 or 4.0 mg/m^ on some special occasion. This illustrated that application with 
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Figure 5.2 Pyrolytic Synthesis of Naphthalene 
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naphthalene based moth repellent or lacquer paint based on some common organic solvent 
would raise the naphthalene concentration in the ambient surrouding atmosphere. 
5.3.2 Controlled Environment 
In order to study the impact of naphthalene vapour on milk drinks during storage, 
migration studies have to be conducted under controlled environment where the airborne 
naphthalene concentration is kept constant. In this study, a simple way to generate a 
constant naphthalene environment had been developed. This was done by allowing a 
naphthalene solution (in vegetable oil) to establish an equilibrium state with the 
surrounding atmosphere inside a closed vessel [Figure 5.4]. After that, beakers of 
vegetable oil were placed inside the controlled environment and an absorsption curve 
related to the amount of naphthalene absorbed by vegetable oil to the time of exposure 
was recorded. By comparing the absorption curve in the case of saturated environment 
(equilibrium established between solid naphthalene and surrounding atmosphere) [Figure 
5.3], the level of naphthalene vapour in the controlled environment could then be found. 
According to the shape of absorption curve [Figure 5.5] in the saturated 
environment, an empirical Equation was established related to the concentration of 
naphthalene absorbed in vegetable oil to both the naphthalene vapour concentration and 
the time of exposure. The experimental data is shown in Table 5.2. The empirical Equation 
suggested was in the form of 
= (Eq. 5.1) • 
where A, B are constants, C^ .^  is the naphthalene concentration in oil at time t and y^；^  was 
defined as the ratio of naphthalene concentration in air to that of saturated naphthalene 
concentration in the atmosphere. Thus y^ would be equal to 1 in the case of saturated 
condition. The saturated vapour pressure of naphthalene at 25°C (room temperature) is 
reported as 0.087 m m Hg [34]. Hence the saturated naphthalene concentration in air at 25 
oc would be equal to 0.5895 ng/cm^ if naphthalene vapour behaves as an ideal gas. The 
constant A and B were determined by plotting ln( C,,) against time t, where the slope 
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Figure 5.6 A Plot of In [CQ i^] against Time of Exposure 
Table 5.2 Naphthalene conc. in vegetable oil exposed to saturated naphthalene condition 
Naphthalene conc. in vegetable oil* , }ig/g 
21 d+ 28 d+ 
2900 6530 12250 21500 
”* " mean of duplicate determination ； " + " time of exposure 
The constant A and B were found to be 1912 |ig/g and IxlO*^  s-i respectivity. The 
established empirical Equation was then applied to determine the naphthalene vapour 
concentration in other controlled environment, i.e. to find out y^ ^，by fitting each set of 
naphthalene absorption data to the empirical Equation. This was done by a non-linear least 
square analysis [35] where an optimized 丫祉 was sought such that 
where S is the sum of square of the deviation, defined as 




where Cj was the naphthalene concentration in vegetable oil at time tj and n is the number 
of data available. The goodness of fitting would be checked by the root mean square error. 
The naphthalene concentration in air of the three controlled environment are summarised 
in Table 5.3. 
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Table 5.3 Naphthalene conc. in vegetable oil exposed to different controlled environment 
Controlled Naphthalene Cone, in Vegetable Oil*，^g/g Calculated 
Environment 14 d+ 21 d+ 28 d+ 丫“ 
Set A U 3 ' m 480 0.037 
Set B \43 ^ IJ^ 0.054 
Set C 192 m m i m 0.064 
Set D I 260 I 563 ^ ^ 1050 1620 0.079 
“* “ mean of duplicate determination ； " + " time of exposure 
5.3.3 Mathematical Modelling i 
j 
a. Strategy 
It can be easily concieved that the real situation is very complicated as it involves 
the distribution of naphthalene vapour among three different phases including the air, the 
packaging material and milk in a non-equilibrium state. Therefore, it would be very 
difficult, if not impossible, to solve out the analytical solution directly from the Pick's Law 
with a set of boundary conditions. 
It was observed that the naphthalene concentration in packaging material was 
increased with time. As the milk was contained within the packaging material and both of 
them were subjected to the same influence of naphthalene vapour, in order to simplify the 
situation, it could be assumed that the milk was subjected to a time-dependent source of 
naphthalene having the same format as the Equation describing the naphthalene 
concentration in the packaging material. The Equation for the increase in naphthalene 
concentration in the packaging material, under the influence of naphthalene vapour, had 
been established. The format of the source term of naphthalene for milk can then be 
guessed out. Based on the guessed Equation for the source as well as the experimental 
data for the migration studies under controlled environment, an analytical solution for the 
naphthalene migration in milk could then be determined. 
b. Naphthalene in the Packaging Material 
When the packaging material (LDPE) was exposed to an environment containing a 
certain amount of naphthalene vapour, the absorption of naphthalene by the packaging 
material can be depicted by a collision mechanism, where the naphthalene molecules are 
3 7 
considered as fast moving spheres striking on the surface of the packaging material [10]. 
Some of the striking naphthalene molecules will be reflected back to the atmosphere while 
others absorbed and then diffiised into the packaging material. According to this kinetic 
theory, the rate of naphthalene molecules being absorbed by the packaging material can be 
expressed as 
^ 二 A.ZJX-NIN、、 (Eq.5.3) 
f 
where N is the number of naphthalene molecules absorbed at time t • 
N’ is the maximum number of naphthalene that could be absorbed ： 
A is a proportional constant 
Zw is the collision frequency term 
After integration for the interval t=0 to t and N=0 to N, we have 
= ( E q . 5.4) ‘ 
For convenience, the amount of naphthalene adsorbed should be expressed in 
concentration (i.e. ^xg/cmO rather than in the number of molecules such that Equation 5.4 
will give Equation 5.5 or 5.6 
or (Eq. 5.5) ^ 
火 • . C , [ l - ( E q . 5.6) 
where Ca = Conc. ofair-bome naphthalene 
C, 二 Saturated concentration of naphthalene in packaging material corresponding 
to the air borne naphthalene at concentration Ca 
Ki = Equmbriurn partition coefficient of naphthalene between packaging material 
and air ( Le. K' = C 7 Ca) 
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Equation 5.6 can be simplified to give Equation 5.7 by (i) expressing Ca in the form as 
Ca = C幼t7air ； (ii) including the density, p, to convert the concentration term from 
i^g/unit volume (originally denoted as Ct) to ^ g/g (denoted as Cp); and (iii) replacing N ’ 
the exponential term by K' as N丨 is proportional to K'. 
Cp=^y,r‘K，.[\-e-呈、 (Eq.5.7) 
where C幼【is the saturated naphthalene concentration in air at 25°C and y^ is the ratio of f 
the naphthalene concentration in air to that of the saturated naphthalene concentration in ！ 
air，X is the kinetic factor which include the geometry term and the collision frequency ！ 
term’ and p is the density of the packaging material and have a value of 0.9025 g/cm^. 
Equation 5.7 was then used to fit the experimental data of naphthalene concentration in 
packaging material after exposure to a controlled environment for different times. The 
values of K' and X obtained for two controlled environment were compared and the 
result are summarized in Table 5.4. 
Table 5.4 Experimental and predicted values of naphthalene conc. in packaging material 
exposed to controlled environment 
Control Naphthalene Conc in Packaging*, ^ig/g Calculated values 
Envir. 丫 ‘ 7 d+ 14 d+ 21 d+ 28 d十 K' X 
Set A 0.037 220 341 487 SQO 
Predicted Value 200 358 487 询0 41430 0.015 
SetB I 0.054 275 537 717 880 
Predicted Value | 284 | • 521 | 717 880 47560 0.015 
“* “ mean of duplicate determinations ； " + " time of exposure 
Thus the model derived from the collision theory can be used to describe the amount of 
naphthalene absorbed by the packaging material. 
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c. Naphthalene in Milk 
Based on Equation 5.7 for the naphthalene in packaging material, the equation for 
the source of naphthalene for the migration of naphthalene into milk was suggested to be 
in the form shown below : 
二 厂扮(l-fA') (Eq. 5.8) 
where p is a kinetic factor and the C'sat is the saturated naphthalene concentration in the 
packaging material exposed under saturated naphthalene vapour and had been determined 
to be 15000 ^ g/g experimentally in the present work. 文. 
i - i 
Using the Talyor's expansion [37], the Csource equation can be expressed as ‘ 
。 ‘ ； 广 ： 丄 • ^ + ^ - … ） (Eq. 5.9) 
Equation 5.9 was solved making use of the analytical solution for the migration into a 
n 
semi-infinite medium from a plane source with C—⑶= k-t^ , where k is a constant and n 
is any positive integer, which is in the form : 
2" 、^ r(n/2 + 3/2) (叫〕.川） 
where M is the total amount of diffusing substance, per unit area,which has gone into the 
medium at time t; D is the diffusion coefficient of migrant within the medium; and r(n) is 
the Gamma function [38]. 
If n is even, i.e. '/2 • n = N, thenr(n/2 + 1) = r ( N + 1) = N!, and 
if n is odd, i.e. Vi • n = M - VS，then r(n/2 + 1) = r ( M + 1/2) = 1 • 3 . 5 (2M - 3) (2M 
-lyJn/ (2M) 
A Closer look at Equation 5.10 reveals that each term of Csource may be expressed in the 
form of Csource = ，and also noting that for a linear differential equation, the sum of 
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two solutions is itself a solution so that for the case of milk, the solution should have the 
form 
^Total = C\at • Yair • Jp- • (1.33fit - 0.54{fit)2 + 0.15(/?03 +••••) ( Eq. 5.11) 
V TC 
The above expression can be changed to a concentration term with the introduction of the 
volume to surface area ratio, A. Thus the final solution would be 
Qvaa/ ~ ^sat'7air''(1-33/?/-0.54(/fr)2 + 0.15(j3t)3 H—) (Eq. 5.8 ) 
V TV-A 
Then, the parameters involved, D and (3, were determined by fitting this model to the 
experimentally determined amount of naphthalene migrated into milk at different times of 
exposure for milk drinks samples stored in different controlled environments. The results 
are summarised in Table 5.5. 
Table 5.5 Naphthalene conc. in milk samples exposed to different controlled environment 
Control Naphthalene Conc. in Milk, ng/g (3 ,s'1 D,cm2/s 
Envir. yair 7 d+ 14 d+ 21 d+ 28 d+ (x 1Q-8) (x IP7) 
Set A 0.037 3.4 10.5 19.1 28.9 4.33 2.01 
Set B 0.054 3.9 11.9 22.0 42.2 3.91 2.12 
Set C 0.064 4.0 11.1 25.8 49.4 4.04 1.88 
Set D 0.079 6.5 13.9 38.3 61.8 4.22 1.96 
" + " time of exposure 
The average values of (3 and D are calculated as 4.1 xlO'8 s*1 and 2.00 xlO'7 cm2/s, 
respectively. 
5.3.4 Validity Check 
The optimised values of D and Pwere then applied to a real case where milk drinks 
samples were placed inside a cupboard (dimension : 80 x 40 x 60 cm3) with 10 
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naphthalene based moth repellent balls (about 36 g in weight). The level of naphthalene 
vapour inside the cupborad was founded to be 4 mg/m^ (i.e. y^=0.007). The predicted 
naphthalene concentration in milk was compared to the experimental data and are shown 
in Table 5.6. 
Table 5.6 Experimental and predicted values of naphthalene conc. in milk samples placed 
inside a cupboard containg naphthalene vapour 
Naphthalene Conc. in Milk，^g/g 
14 d+ 21 d十 28 d+ 
Experiment 0.68 ^ ^ 5.17 
Predicted 0.67 1.90 5.22 
“+ “ time of exposure 
The root mean square error for the above fitting was calculated as 0.3. This implied that 
the prediction of naphthalene migration into milk due to naphthalene vapour in air was 
feasible by the established model. 
5.5 Effect of Fat Content in Food 
As naphthalene is a fat-soluble compound, a study was conducted to assess the 
effect of fat content in food on the naphthalene migration for food stored inside this type 
of packaging material (LDPE). In order to shorten the testing time, the migration tests 
were carried out in a controlled environment with y^ ^ = 0.037. As the situation was just the 
same as milk drinks exposed to high level of naphthalene vapour, the established model 
could thus be used to find out the values of D and P for each case, and the results are 
shown in Table 5.7. 
Table 5.7 Naphthalene in different fatty foods exposed to controlled environment 
Food Fat Naphthalene Conc.in Food *，}ig/g p D,cmVs 
Type Content,% 7 d+ 14 d+ 21 d+ 28 d+ (x 10-8) (x 10-7) 
Water 0 0.01 0.03 0.06 0.20 - _ 
L.F.Milk 1.5 2.0 7.0 11.1 170 l n ^ 
S. Milk 3.5 3.4 10.5 19.1 28.9 4.33 2.01 
- O i l 100 I 5.5 19.0 33.1 40.8 5.87 8.88 
“* ” mean of duplicate determination ； " + " time of exposure 
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From the above study, it was cleared that the fat content should play a cmical role in the 
naphthalene migration by enhancing interactions between the packaging and food. Both 
the kinetic factor (3 and the diffusion factor D increase greatly as the fat content of the 
food increases. 
5.4 Conclusion 
The possibility and extent of naphthalene migration into milk from atmosphere 
having a relatively high level of naphthalene vapour had been studied in this work. A 
mathetical model accounting for the naphthalene migration into milk was also established 
and was tested valid. The effect of fat content in food on the extent of naphthalene 
• migration was also studied. The migration studies shown that the fat content in food might 
enhance the interaction between packaging material and food, and hence increase the 





ATMOSPHERIC EFFECT II : AROMATIC HYDROCARBONS IN AIR 
6.1 Introduction 
It was found in the previous study that naphthalene vapour in air could act as the 
source of contamination in milk drinks contained in low density polyethylene bottles. The 
level of contamination depends on the concentration of the naphthalene as well as the 
exposure time. 
However, in the atmosphere, other types of volatile organic compounds are found 
as well. Most of them are used as organic solvents in industrial and domestic applications. 
The concentrgtion of these volatile organic compounds would vary from place to place 
depending on what have been involved. 
Hence, we also proposed to study the possibility as well as the extent of 
contamination in milk drinks contained in low density polyethylene bottles stored in an 
area where there is a considerable amount of aromatic hydrocarbons vapour in the 
atmosphere. Further, the diffusion coefficients and the solubility coefficients of some 
common aromatic hydrocarbons in low density polyethylene would be estimated 
experimentally and the data would be correlated to the level of contamination in milk 
under controlled environment. The mathematical model established in the previous study 
would be employed in the correlation study. 
6.2 Experimental 
6.2.1 Instrumentation and Apparatus 
Gas chromatography was performed on a Hewelett-Packard Model HP-5890 II 
gas chromatograph equipped with a flame ionization detector. A HP-1 capillary column 
(30m X 0.53 m m i.d.) and nitrogen as the carrier gas were used. The gas chromatographic 
conditions used were : injector and detector temperatures 230。C and oven temperature 
held at 40°C for 10 min and then increased to 230。C at 6°C min-i，the final temperature 
being held for 5 min. 
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6.2.2 Materials and Reagents 
All volatile organic solvent standards, tetramethylbenzene (internal standard) and 
other reagents were of analytical reagent grade. 
Stock internal standard solution was prepared by dissolving 0.0510 g of 
tetramethyl benzene in 50 ml of distilled heptane in a calibrated flask. Working internal 
standard solution was prepared by diluting an aliquot (0.5ml) of the stock internal 
standard solution to 50 ml with distilled heptane in a calibrated flask. Stock standard 
solution, 1000 ^ l/I, was prepared by dissolving 100 ^il of each volatile organic solvent 
standard in 100 ml of distilled heptane in a calibrated flask. Working standard solutions of 
5.0’ 10.0 and 20.0 jil/l，were prepared by mixing 25, 50 and 100 of the stock solution, 
respectively, with 0.5 ml of stock internal standard solution and then diluting to 50 ml with 
distilled hf^ ptane in calibrated flasks. 
6.2.3 Procedure 
a. Survey on Volatile Organic Concentration in Air 
Based on the A S T M standard methods D3686-89 and D3687-89 [29], survey on 
the volatile organic compounds in workplaces and residential area was conducted. A 
known volume of air was drawn through a charcoal tube to trap the organic vapours 
present. The compounds absorbed were then desorbed out by carbon disulfide. The 
extract was then analysed by gas chromatography. The compounds present were 
identified using ion-trap mass spectrometer and quantitated by GC- flame ionization 
detector. 
b. Controlled Environment 
Aliquots ( 0.5 ml each ) of benzene, toluene, ethyl benzene, p-xylene and cumene 
were dissolved in 50 gm vegetable oil in a 100-ml beaker. The mixture was then placed 
inside a desiccator (24 cm i.d.) and left alone for one month to attain an equilibrium 
where each aromatic hydrocarbon would partition between air and oil at a ratio governed 
by the partition coefficient. 
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c. Partition Coefficient between Air and Edible oil 
The partition coefficient of the aromatic hydrocarbons between oil and air phases 
were determined indirectly with a similar set-up. A mixture of 10 ml each of benzene, 
toluene, ethyl benzene, p-xylene and cumene was placed inside a desiccator (15 cm i.d.) 
and left alone for one month such that the air inside was saturated with these 
hydrocarbons. Then 20 gm of vegetable oil contained in a 100-mI beaker was placed inside 
the desiccator and left alone for another month to attain an equilibrium state. 
The partition coefficient for each aromatic hydrocarbon could be found if the 
amount of aromatic hydrocarbon in vegetable oil and the saturated vapour pressure of the 
aromatic hydrocarbon in the air phase were known. The former was determined by gas 
chromatography after Dean & Stark distillation. The latter can be found by Raoulf Law 
[39] if the amount of aromatic hydrocarbons left behind were known. 
d. Partition Coefficient between Packaging Material and Milk 
Eight milk samples were placed inside a closed desiccator containing saturated 
vapours of aromatic hydrocarbons of interest. The level of aromatic hydrocarbons in milk 
and the packaging material were monitored weekly by gas chromatography after Dean & 
Stark distillation. The ratio of concentration of the aromatic hydrocarbons in milk to those 
in the packaging material were determined. 
e. Migration Studies ‘ 
Eight milk samples were placed inside the controlled environment containing the 
aromatic hydrocarbons vapour described above. The level of contamination in milk was 
monitored within a period of two weeks by gas chromatography after Dean & Stark 
distillation. Besides, the level of aromatic hydrocarbons in the packaging materials was 
also determined. The determination were done in duplicate and the mean values reported. 
f. Estimation of Diffusion Coefficient 
Milk samples were emptied and the bottles were then filled with vegetable oil, 
which was used as the absorbent for the permeated vapours.The bottles were then sealed 
with aluminium foil at the top and placed inside a desiccator containing the aromatic 
hydrocarbons vapours. The amount of vapours permeated through were monitored within 
a period of two weeks by gas chromatography after Dean & Stark distillation. 
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By extrapolation of the time-concentration curve to zero concentration, the time 
lag for each aromatic hydrocarbon compounds were found and used to estimate the 
respective diffusion coefficient according to a prescribed equation [40]. 
6.3 Results and Discussion 
6.3.1 Survey on the Concentration of Volatile Organic Vapour in Air 
The survey was conducted in workplaces and domestic area where organic 
solvents had been used. Air were sampled from twelve workplaces, most of which 
involved printing work, and analysed. The results are summarized in Table 6.1 
Table 6.1 Concentration of volatile organic vapours in selected workplaces 
Volatile Organic Concentration Range Average concentration 
Compounds (mg/m^) (mg/m^) 
Hexane 1 - 52 12 
Toluene 1 - 120 17 
Xylenes 0.4 - 49 9 
Butyl acetate 0 - 4.5 2.3 
Others aromatic cpds. 1 - 15 ‘ 3 
Survey on the concentration of volatile organic was also conducted in a domestic 
area, which was undertaking a painting process. Air samples were collected for analysis 
before and during the painting work. The results are summarized in Table 6.2. 
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Table 6.2 Concentration of volatile organic vapours in domestic area 
Volatile Organic Conc. ’mg/m3 Conc.，mg/m^ 
Compound (before painting) (after painting ) 
Hexane - 0 32 
Heptane - 0.72 
Ethyl acetate - 1.2 
Butyl acetate - 7 3 
Toluene 0.003 
Ethyl benzene - 11 
Xylenes 0.001 3.9 
The level detected in domestic area (after painting process) was quite consistent 
with that of the average level of volatile organic compound in the workplace. The level for 
different individual compounds was aiound 10 mg/m^. Among those volatile organic 
compounds, the concentrations of aromatic hydrocarbons were observed to be much 
higher than those of other volatile organic compounds such as hexane or heptane. 
As more and more aromatic hydrocarbons have been confirmed or suspected 
carcinoginic, the proposed study was concentrated on the aromatic hydrocarbons 
contamination in food stuff conatined in polymeric packaging material. Milk samples 
stored in low denisty polyethylene bottles were employed again for this study. 
6.3.2 Controlled Environment 
The concentration of the aromatic hydrocarbons can be controlled by allowing a 
solution of the aromatic organic compounds in vegetable oil to establish equilibrium with 
the surrounding air inside a closed desiccator ( 24 cm i.d.). 
The concentrations of these compounds in air inside the desiccator were calculated 
from their respective partition coefficients between vegetable oil and air, after the 
concentrations of these compounds in vegetable oil were determined. However, the 
partition of these compounds are not avaliable and had to be determined in this study. 
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The partition coefficient for each aromatic hydrocarbon between vegetable oil and 
air phase can be determined if the amounts of these compounds in vegetable oil in 
equilibrium with the saturated aromatic vapours inside the closed vessel are determined 
Physical data [34] involved for the determination are summarized in the following table. 
Aromatic Molecular Wt. Density at 25。C Saturated Vapour 
Hydrocarbon (gm) (g/cm^) Pressure (mm Hg) 
Benzene 78.11 0.878 ^ 
Toluene 92.13 0.866 ^ 
Ethyl benzene 106.16 0.866 
p-Xylene 106.16 0.861 9 
Cumene 120.19 0.862 4 
The concentration of each aromatic hydrocarbon was determined by gas chromatograhy 
after Dean & Stark distillation. And the results are sunimaiized in Tables 6.3a - 6.3c. 
Table 6.3 a Concentration of aromatic hydrocarbons in the oil phase 
Aromatic Amount of compound Conc. of compound in 
Compounds absorbed by oil ( ml) oil ( mg/g) 
Benzene ^ 
Toluene 3J6 136.8 
Ethyl benzene 101.8 
p - Xylene 102.0 
Cumene 66.4 
Table 6.3b - Concentration of aromatic hydrocarbons in the air phase ， 
Aromatic Volume of cpd left Partial pressure Conc. in air phase 
Compounds behind ( ml) ( m m H g ) ( mg/L ) 
Benzene 1J5 18.04 17^ 
Toluene ^ 20.3 
Ethyl benzene 




Table 6.3c Calculated partition coefficients for aromatic under controlled environment 
Aromatic Partition Coeff. Conc. of cpd in Conc. of cpd in 
Compounds ([air] / [oil]) oil ( mg/g ) air ( mg/L) 
Benzene 0J8 1.34 
Toluene 0J5 1.13 
Ethyl benzene 0.63 
p - Xylene 0£7 ^ 0.56 
Cumene 0.05 8.62 0.42 
6.3.3 Migration Studies 
Eight milk samples were placed inside the controlled environment containing 
vapours of these aromatic hydrocarbons. The level of contamination in milk was 
monitored within a period of two weeks by gas chromatography after Dean & Stark 
distillation. Besides, the levels of aromatic hydrocarbons in the packaging materials were 
also determined. The determinations were in duplicate and the average values are reported 
in Tables 6.4a - 6.4b. 
Table 6.4a Concentration of aromatic hydrocarbons in rm\k exposed to controlled 
environment 
Aromatic Conc. of aromatic hydrocarbons in milk, ppm 
Compounds ^ 10 d+ 14 d+ 
Benzene ^ 34.1 
Toluene ^ ^ 43.7 
Ethyl benzene 3.94 ^ 32.4 
— p - Xylene 6.14 ^ 38.0 
_ Cumene 0.94 4.39 7.70 12.9 
“+ “ time of exposure 
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Table 6.4b Concentration of aromatic hydrocarbons in packaging material 
exposed to controlled environment 
Aromatic Cone, of aromatic hydrocarbons in packaging, ppm 
Compounds 3 d+ Id^ 10 d+ 14 d+ 
Benzene ^ ^ ^ 298 
Toluene 41^ 4 M ^ 490 
Ethyl benzene 508 ^ ^ 578 
p - Xylene 63A ^ 610 
Cumene 461 609 635 631 
”+ ” time of exposure 
6.3.4 rartition Coefficient between the Packaging Material and Milk 
The concentrations of aromatic hydrocarbons in milk and in the packaging 
material were monitored weekly by gas chromatography after Dean & Stark distillation 
and the ratio of the two concentration for each hydrocarbon was then calculated and 
summarized in Table 6.5. The level off value of the concentration ratio give the partition 
coefficient as the equilibrium state is attained. 
Table 6.5 Ratio of the conc. of aromatic compounds in milk to that in packaging material 
Aromatic Ratio of conc. of aromatic compounds in milk to that in packaging 
. , -
一 Compounds 1 week . 2 week 3 week 4 week . 
- B e n z e n e 0.30 1.06 
Toluene 0.30 0.93 
_Ethyl Benzene 0.13 0.37 
__ p - Xylene OJA 0.34 
一 Cumene 0.22 0.32 0.33 0.33 
The partition coefficient were estimated as 1.06，0.94, 0.37, 0.34 and 0.33 for benzene, 
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Figure 6.1 A Plot of Concentration Ratio against Time of Exposure 
for some Volatile Organic Compounds, the level-off value 
give out the Partition Coefficient of respective compound 
6.3.5 Estimation of Diffusion Coefficient 
Strandburg Et. Al. [5] had used a derivative method to determine the diffusion 
coefficient of linear esters in vinylidene chloride co-polymer film. This method involved a 
gas handling system integrated with a mass spectrometer. The gas handling system 
contains the plumbing, glassware, mixing pumps, permeation cell, and switiching valves 
necessary for a permeation experiment [ Figure 6.2 ]. The mass spectrometer was 
employed to identify the penetrant and measure the mass transport rate. As the time 
progresses, the transport rises steadily through a transient region and eventually levels off 
at a steady state at which the AMx/A t is constant where A M is the mass penetrated.The 
diffusion coefficient is then determined from the equation 
D = L2 / ( 7.2 • ti/2) 
where D is the diffusion coefficient; L is the thickness of the film and 11/2 is the time 
required to reach one half the steady state mass transport rate [6], 
However, the experimental setup required is complicated and cannot be afforded 
by any ordinary laboratory. A much more simple experiment was described here for the 
determination of the diffiision coefficient of some selected volitale organic compounds in 
polyethylene. 
The proposed method is basically a time lag test where the time required for the 
organic vapours to permeat through the packaging barrier was obtained graphically. The 
time lag is related to the diffiision coefficient as described in the following equation [3]: 
T L 
The time lag and then the diffusion coefficient for each aromatic hydrocarbon were 
estimated after the concentration of the aromatic hydrocarbon which permeated through 
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Figure 6.2 Schematic Diagram for the Permeation Instrument 
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Table 6.6 Concentration of aromatic hydrocarbon in oil for time lag test 
Aromatic Concentration of aromatic hydrocarbons in oil (ppm) 
Compounds 0 h+ 0.5 h十 2 4 h+ 8 h+ 16 h+ 
Hexane 1.20 1,21 1.59 5.34 20.3 59.4 
Benzene 0.33 0.31 0.37 1.08 3.67 15.1 
Toluene 0.95 1.00 1.09 1.14 2.91 6.42 
Ethyl Benzene 0.10 0.10 0.12 0.20 0.62 2.04 
p-Xylene 0.50 0.47 0.50 0.53 0.96 2.12 
16 h+ 24 h+ 30 h+ 36 h十 48 h+ 54 h+ 
Cumene 1.0 1.11 1.19 1.18 2.98 9.20 
“+ “ time of exposure 
The diffusion coefficient was then obtained graphically by plotting the concentration of 
aromatic hydrocarbon in oil against time. A typical graph, for benzene, is shown in Figure 
6.3. The results are summarized in Table 6.7. 
Table 6.7 Time lag for aromatic hydrocarbons 
Aromatic Time lag Diffusion Coefficient 
hydrocarbon (hours) (cm2/s) 
Hexane 2.60 x 10-8 
Benzene 3.13 x 10-8 
Toluene 2.60 x IQ-^ 
Ethyl benzene 4.4 2.13 x 10-8 
p - Xylene ±6 2.03 x 
Cumene 46 2.03 x 10-9 
Note : the thickness of the packaging material was 0.04 cm. 
However, no comparsion could be made between the determined values and the 
literature value which are not available in literature or handbooks.The diffusion coefficient 
of hexane in low density polyethylene at 25°C has been reported as 2.5 x 10-8 cmVs [43]. 
The experimental value of difiusion coefficient of hexane in low density polyethylene was 
determined as 2.6 x ICH cm^/s by the same experimental set-up. Thus, it can be included 
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that the diffusion coefficients determined for other aromatic hydrocarbons under studies 
are also accurate estimates. 
6.4 Correlation Studies 
6.4.1 Parameters of Previous Model 
From the results of the migration study, values of the diffusion term (D) and 
kinetic term ((3) for each aromatic hydrocarbon could be determined by fitting the 
experimental data to the mathematical model established in the previous chapter. 
The D and P values were then compared with the estimated diffusion coefficient 
and partition coefficient for each aromatic hydrocarbon between the packaging material 
and milk to see if there was any correlation. 
The optimized values for D and p from the model fitting as well as the estimated 
values of diffusion and partition coefficient are summarized in Table 6.8 and plotted in 
respective graphs [Figure 6.4]. 
Table 6.8 Estimated partition coefficient and diffusion coefficient for aromatic 
hydrocarbons 
Aromatic Diffusion Term Kinetic Term Diffusion Coeff Partition Coeff. 
Compound D , cmVs ^ D.^ ’ cmVs K 
jenzene 3.7 x ICH 2.4 x ICH 3.1 x IQ-^  1.06 
•Toluene 2.9 x 10-7 2.0 x 10-7 2.6 x ICH 0.94 
Jthyl Benzene 2.6 x ICF 1.1 x 10-7 2.I x 10.8 0.37 
^ - Xylene 2.3 x ICH 1.5 x 10-7 2.0 x ICH 0.34 
-Cumene 2.0 x 10-8 1.5 x lO? 2.0 x 10-9 0.33 
From the plotting of diffusion term against the estimated diffusion coefficient 
[Figure 6.4], a linear correlation was observed with correlation coefficient found as 
0.9533. As shown in the mathematical model, the extent of migration can be determined 
by diffusion term, therefore such a correlation among the aromatic hydrocarbons may 
enable us to estimate the atmospheric effect of other aromatic hydrocarbons if their 
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diffusion coefficient in the respective packaging material is available. Of course, the 
extent of migration also depends on the saturated concentration of the migrant in the 
packaging material. 
However, correlation between the kinetic term and partition coefficient was not 
observed for the aromatic hydrocarbons under study. This should be expected as the 
kinetic term may depend on various factors besides the partition coefficient of migrant 
between the milk and the packaging material. 
6.4.2 Solubility Coefficient and Heat of Vapouration 
Solubility coefficient is equivalent to the partition coefficient between the gas 
phase and polymer phase and is defined as the ratio of the concentration of the migrant in 
the packaging material to that in the surrouding air at the equilibrium state. Thus the 
solubility coefficient term enables us to estimate the saturated concentration of a particular 
migrant in the packaging material if its concentration in air is known. 
However, the solubility coefficients of volatile organic compounds in polyethylene 
have not been reported in the literature so far. In this study, the solubility coefficients of 
those aromatic hydrocarbons in polyethylene can be determined directly from the results of 
the migration study. The relevant data had been extracted and summarized in Table 6.9. 
Table 6.9 Solubility coefficient of aromatic hydrocarbons in polyethylene 
. V 
Sat. Conc. in Concentration Partial pressure Solubility 
packaging in air Coefficient 
ug/g Kg/m^ mg / dm3 m m Hg Pa Kg m-^ Pa'i 
Benzene 298 0.269 U 4 0.319 42.52 6.33x10-3 
Toluene 490 0.442 1.13 0.228 30.39 1.45 x 10-2 
_Ethyl benzene 583 0.526 0.63 0.110 14.66 3.59x 10-2 
_p - Xylene 620 0.560 0.56 0.098 13.06 4.29x 10-2 
Cumene 630 0.569 0.42 0 . 0 6 5 「 6 . 5 7 x 10-2 
Note : the density of the low density polyethylene was determined as 0.9025 g/cnP 
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In fact, the distribution of the organic vapour between a solid phase and the gas 
phase involve the process of vapouration. Thus, the extent of distribution of vapour in the 
packaging material is dependent, to a large extent, on the energy required to keep the 
penetrant in the vapour phase. 
The solubility coefficient of those aromatic hydrocarbons in low density 
polyethylene determined in the migration study were then compared with their respective 
heat of vapouration which are available from handbooks [34] to see if there is any 
correlation between the two parameters for the aromatic hydrocarbons. The data are 
summarised in Table 6.10. 
Table 6.10 Correlation between solubility coefficient and heat of vaporization 
Solubility coefficient Heat of Vaporization 
Compound ( Kg m-^  Pa-Q ( KJ moW) 
Benzene 6.33 x 10-3 34.08 
Toluene 1.45 x 10-2 35.90 
Ethyl benzene 3.59 x 10-2 38.92 
p - Xylene 4.29 x 10-2 41.04 
Cumene 6.57 x 10-2 43.24 
The plotting of the above data indicate a linear coirelation between the solubility 
coefficient and the heat of vaporization for the aromatic hydrocarbons. This implies that 
the solubility coefficient increases as the heat of vaporization increases. It is easily 
perceivable because increasing the heat of vaporization will increase the energy 
requirement for the penetrant distributed into the vapour phase. The penetrant are then 
reluctantly remained in the packaging material and a higher solubility coefficient would be 
expected. Indeed, Landois had reported a linear relationship between the boiling point of 
ethyl esters and their solubility coefficient in high barrier films [44]. 
However, such a correlation may enable us to estimate the solubility coefficient of 
other aromatic hydrocarbons in low density polyethylene which are not available in 
handbooks or reported in the literature. In other words, the value of heat of vaporization 
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can be used to estimate the value of solubility coefficient and then predict the extent of 
migration. 
6.5 Conclusion 
The survey on the volatile organic compounds in air revealed that the level of these 
compounds were around 10 mg/m^ in area where the volatile organic compounds were 
used. Nevertheless, there are chances for those milk drinks to be exposed to an 
envoironment containing such levels of volatile organic compounds during storage or 
transportation. Thus it is desirable to study the possibility and extent of contamination in 
milk drinks caused by volatile organic compounds in air. 
In this study, a controlled environment containing some interested aromatic 
compounds (benzene and its alkylated derivatives) at levels around 10 mg/m^ was 
prepared. Migration studies under the controlled environment showed that contamination 
in milk drinks due to aromatic hydrocarbons was certainly possible. The extent of 
contamination was found to fit well the previous mathematical model described for the 
case for naphthalene vapour in air. In other words, the extent of contamination (i.e. the 
possible maximum amount taken up from the environment) was then determined by the 
diffusion term and the solubility coefficient of the respective aromatic hydrocarbons. 
Moreover, for the same class of aromatic hydrocarbons, it was found that the 
diffusion term do have a linear correlation with the difiusion coefficient of the respective 
aromatic hydrocarbons. Also, the solubility coefficient of each aromatic hydrocarbon has a 
linear correlation with the heat of vaporization of the respective aromatic hydrocarbons. 
Thus, the extent of contamination can be estimated or predicted if the diffusion coefficient 
as well as the heat of vaporization are known. These data can be obtained easily from 
handbooks or determined experimentally. 
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C H A P T E R 7 
NAPHTHALENE CONTAMINATION IN SOLID FOODS 
7.1 Introduction 
In the food industry, polyethylene is frequently employed as packaging materials 
for various types of food due to its high flexibility and low cost. Apart from the use as 
containers for milk drinks, polyethylene is also used to store some solid and semi-solid 
food. It is thus appropriate to check the extent of naphthalene contamination in these types 
of solid foods packed by polyethylene packaging. 
A survey on the nature of the packaging materials for various type of solid food 
had first to be conducted to sort out which types of solid food were packed with 
polyethylene packaging material. Then the naphthalene concentration in some typical 
foods could be monitored against storage time. 
In the previous migration studies for milk drinks stored in LDPE bottles, it had 
been shown that the fat content in foods might enhance the interactions between the 
packaging material and foods. Thus, in the case of solid food, the effect of fat content on 
the extent of migration would also be studied. A mathematical model was established to 
account for the extent of migration of naphthalene in the case of solid food exposed to a 
controlled environment of naphthalene vapour. 
7.2 Experimental 
7.2.1 Instrumentation and Apparatus 
Instrument used and the working conditions were the same as described in Section 
3.2.1. The nature of the polymeric packaging material were identified by infrared 




7.2.2 Materials and Reagents 
Same as described in Section 3.2.2. 
7.2.3 Procedure 
a. Survey on the nature of packaging material 
The nature of the polymeric packaging material were identified by infrared 
spectrocsopy. However, different type of samples may require different pre-treatment. 
i. Direct determination 
For packaging which are in a form of thin transparent film, the nature of the polymer 
was identified directly by mounting a sample sheet on an infrared spectroscopy cell. 
ii. Hot press method 
For packaging which are transparent but with a definite thickness, a thin film was 
produced by hot-press method where a piece of polymer was held within the flat 
mouth pieces of a pliers and then heated to melt by a flame. The melted polymer was 
then pressed into a thin film and the pliers was then quenched in cold water 
immediately. The thin film was taken away by a scraper. The nature of the material 
were determined by infrared spectroscopy. 
iii. Solvent dissolution . 
For opaque or colored packaging material, a thin film was obtained by dissolving 
the material in an appropriate organic solvent [45]. The nature was then determined 
by infrared spectroscopy. 
b. Survey on the naphthalene level in solid foods 
Six different types of solid foods, which were found packed with polyethylene, 
were selected. The levels of naphthalene in the foodstuff were monitored over a period of 
three weeks. The naphthalene concentration in the packaging material were determined. 
The foods selected were ham, sandwich bread, salad dressing, salt, apple and pork chop. 
About 100 gm of the homogenized sample wer taken (for the packaging material, 
2 gm were taken and cut into small pieces) and added with 2 ml of internal standard into a 
500-ml round bottom flask, followed by the addition of 170 ml saturated sodium chloride 
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solution and 1ml of antifoaming agent (for salad dressing only) were also added. The 
mixture was brought to boiling and distilled for 2 hours using the Dean & Stark apparatus. 
The extract was then ready for the determination of naphthalene by gas chromatography. 
The level of naphthalene in the foodstuff was monitored within a period of 3 week 
after purchase. During the study, salad dressing, sandwich bread and salt were stored at 
room temperature. The ham slices and apple were stored at 4。C while the pork chop was 
stored in the freezer at -18。C. 
c. Mathematical modelling 
A controlled environment was created by placing some naphthalene based moth 
repellent inside a cupboard and the system was left alone to attain an equilibrium state. It 
was desirable to carry the migration test with a considerable amount of naphthalene 
vapour in order to obtain an observable result within a short testing period for the study of 
solid food which normally have a very short shelf-life. 
Five different types of solid food were selected and packed in one particular type 
of polyethylene food packaging bag (thickness : 0.028 cm ； dimension : 125 x 157 m m ^ ) 
These selected food were all commonly packed in polyethylene packaging, including salad 
dressing, sandwich bread, apple, granulated sugar and ham slices. 
The "packed" food were then placed inside the controlled environment under 
ambient temperature ( 25^C ).The amount of naphthalene migrated into the foodstuff was 
monitored within the testing period of 2 weeks. The determination was made by gas 
chromatography after Dean & Stark distillation. 
The above migration studies were repeated for low fat Chadder cheese, Chadder cheese 
and butter to study the effect of fat content on the extent of migration. 
7.3 Results and Discussion 
7.3.1 Survey on the Nature of Common Packaging Materials 
The packaging materials of 101 different solid food samples were examined, and 
30 of them were identified as polyethylene. Foods such as sandwich bread, salad dressing, 
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ham, fresh vegetables, fruit, granulated sugar or salt and frozen meat products were found 
storing in those polyethylene based packaging. 
7.3.2 Survey on Naphthalene Level in Solid Foods 
Six different type of solid foods were selected，and the naphthalene levels were 
monitored within a period of 3 weeks. The naphthalene level in the packaging materials 
were also determined. The results are summarized in Tables 7.1a - 7.1b. 
Table 7.1a Naphthalene concentration in the packaging materials for selected solid foods 
Food Items Thickness Naphthalene Conc. 
(mni} (ppm) 
Salad dressing 0.52 0.20 
Sandwich bread 
H a m slices OJJ O m 
Fresh apple 
Granulated salt 0.39 
Pork chop 0.02 
Table 7.1b Naphthalene concentration in selected solid foods over a period of 3 weeks 
Naphthalene Concentration ( ppm) 
Food Items Storage Time ( days ) 
0 7 21 
Salad dressing 0.05 0.06 
Sandwich bread 0.08 
H a m slice y o 0.13 
Fresh apple 0.05 
Granulated salt 0.00 
Pork chop 0.02 0.11 0.10 
From the above results, it was observed that the naphthalene level in these solid foods 
were quite low. Also, no observable correlation between the naphthalene level and storage 
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time were found in some type of foods. These observation may be due to the following 
reasons : 
a. the residual naphthalene level in the packaging materials were too low; 
b. the monitoring period was too short to allow any apparent trend in the naphthalene 
level to be observed; and 
c. in ham slices and pork chops, fat were not evenly distributed over the food surface and 
thus lead to deviation in naphthalene level determined. 
However, it was quite sure that naphthalene contamination was possible in solid 
foods packed by polyethylene packaging with a considerable amount of residual 
naphthalene. 
7.3.3 Mathematical Modelling 
A mathematical model was established to correlate the naphthalene concentration 
in the packaging material as well as in the foodstuff. Of course, parameters such as the 
diffusion coefficient and the partition coefficient would also be included in the model. 
a. Packaging with constant residual naphthalene 
In order to obtain observable result within a short time, the packaging material 
must contain a higher residual naphthalene level. This can be achieved by choosing a thin 
polyethylene packaging material for the study and placing it inside a controlled 
environment after packed with the testing food items. The following table did show that 
the naphthalene level in the packaging reached an equilibrium level in a very short time. 
Naphthalene Concentration ( ppm) 
Exposure Time ( days ) 
0 3 7 \0 14 
1.0 68.3 77.5 76.0 79.7 




b. Proposed mathematical model 
In the case of migration of an migrant from the polymer into a solid food or highly 
viscous medium, a quiescent migration phenomenon is found to depend on the diffusion 
coefficient of the migrant in that medium [25]. Nevertheless, if no prominent interaction 
between the two phases was expected, the migration process could be expressed by 
normal Fickian behavior [46]. 
In the present case, the naphthalene concentration in the packaging material was 
kept almost constant, making the situation simpler because only the redistribution of 
naphthalene migrated through the interface, over the solid food medium needed to be 
considered. If C stands for the concentration of naphthalene inside the solid food at 
distance X from the interface, then according to the Pick's Law of diffusion as well as the 
boundary condition ( C = 0 for X > 0 when t = 0 and C = C^ax for all X at t = oo ), the 
. s u g g e s t e d equation [47] for the naphthalene concentration inside the solid food was thus 
C = B.erfc ；^ (Eq. 7.1) 
2yjD't 
where B is a proportional constant and erfc(X) is the complimentary error function defined 
as 
The total mass of naphthalene migrated through at time t, Mi, could be expressed 
by the integration of equation (1) from X=0 to X=L，where L is the thickness of the food 
sample. If A stands for the surface area of the solid food that was in contact with the 







=丄B.4D~t.— 2i.erfc{-^-j^)) 、Eq. 7.2) 
where i-erfcix) =-^Qxp{-x^)-X'erfc{x) 
If the partition coefficient of naphthalene between the solid food and the packaging 
material is K, then the saturated naphthalene concentration in the solid food would be 
equal to C�.K (i.e. Csat = C�.K at t = 00). Therefore the maximum amount of naphthalene 
that can be migrated can be expressed as 
Co-K-A'L (Eq. 7.3) 




= L i f n A B . 2 ^ ( 1 - exp(— 
f-»00 • t 
•阳••^erM 赤 、 
= A'B-L {Eq. 7.4) 
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where erfc(O) = 1 
Thus by equating Equations 7.3 and 7.4, the proportional constant B was identified as 
Co.K. The mathematical model was then expressed as 
Foods item were packed identically in four different polyethylene bags and placed inside 
the controlled environment for each type of foods. The naphthalene level in the food were 
monitored in a period of 2 weeks. The results are summarized in Table 7.2. 
Table 7.2 Amount of naphthalene migrated into solid foods 
Naphthalene migrated (^g/dm^) 
Food Items 3 d+ 7 d+ 10 d+ 14 d+ 
Granulated Sugar 0.20 0.36 0.30 0.45 
Fresh Apple 70 m ^ 100 
Sandwich Bread 390 520 ‘ 600 590 
H a m Slices 338 570 653 790 
Salad Dressing 593 927 1658 1725 
•丨 + “ time of exposure 
The above experimental values as well as the values predicted by Equation 7.5 
were plotted against storage time [Figure 7.1] and it was found that the derived equation 
was well fitted to the experimental data. The diffusion coefficient of naphthalene, Ds , as 
well as the partition coefficient of naphthalene between the solid food and packaging 
material, K，were also estimated. The results are summarized in Table 7.3. The thickness, 
L, of the solid food being tested were 2 m m while 1 m m for the fresh apple. 
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Table 7.3 Estimated values of partition coefficient and diffusion coefficient for selected 
solid food 
Food Items Fat Content Diffusion Coeff. Partition CoefF. 
Ds (cm2/s) K 
Granulated Sugar 0 6.7 x 10-9 5.4x10-3 
Fresh Apple ； ^ 4.5 x 10-9 2.10 
Sandwich Bread 3.4 2.0 x 10-8 5.13 
H a m Slice ^ 5.8 x 10-9 9.40 
Salad Dressing 13.5 5.8x10-9 21.8 
The fat content of each food sample was determined by solvent extractionwith acetone : 
hexane (1:1) from the homogenized sample and the weight of fat determined after 
evaporating to dryness. Apple has a thin film of naturally occuring hydrocarbon wax on 
the skin. 
From the above results, it is cleared that the diffusion coefficient did not vary 
greatly among the solid foods being tested except for the sandwich bread, which has a 
very loose structure and thus leads to a higher diSlision coefficient. However, the 
estimated partition coefficient for each type of solid food seemed depend on the fat 
content of the respective solid food. Nevertheless, direct correlation between the partition 
coefficient to the fat content could not be sought here as the nature of fat and the 
distribution of fat among the different solid food varied greatly. 
7.3.4 Correlation between Partition Coefficient and the Fat Content 
In order to study the correlation between partition coefficient and fat content of 
food, a particular type of simulant for fatty solid food is needed. The best choice that 
could be thought of is cheese because it has a flat and homogenous surface. Also, there is 
a great variety of cheese, with different fat content, available in the market. Here, Chadder 
cheese, low fat cheese and full cream butter were chosen for the study. The previous 
migration study were repeated and the results are summarized in Table 7.4. 
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Table 7.4 Amount of naphthalene migrated in various type of cheese 
Naphthalene Miyated ( ng/dm^) 
Food Items 3 d+ 7 d+ 10 d+ M d+ 
Low Fat Cheese 510 875 930 950 
Cheddar Cheese 600 1000 1125 1240 
Butter 4000 7300 8140 8310 
“+ “ time of exposure 
The diffiision coefficient as well as the partition coefficient were estimated for the 
above samples by the proposed mathematical model and the results are summarized in 
Table 7.5. The fat content was determined as described above. 
Table 7.5 Estimated values of partition coefficient and diffiision coefficient for various 
type of cheese 
Food Items Fat Content Diffusion CoefF. Partition CoefF. 
Q Q Ds cm2/s K 
Low Fat Cheese 8.2 1.5x10-8 8.9 
_ Chadder Cheese 12.5 8.7x10-9 13.3 
Full Cream Butter 83.0 1.2 x 10-8 83.8 
« 
The estimated values for the partition coefficients are plotted against the 
corresponding fat contents in Figure 7.2. A linear correlation, with correlation coefficient 
i-
equal to 0.9990, was observed in the figure impling that the partition coefficient is 
proportional to the fat content of food. 
7.4 Conclusion 
The survey on the nature of packaging materials for solid foods revealed that about 
30 % of solid food items were packed with polyethylene packaging, and some typical type 
of these solid foods examined. It was found that the level of naphthalene in the packaging 
were in the range of 0.2 - 0.6 ppm while in the foodstuff was in the range of 0 - 0.1 ppm. 
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Trend of naphthalene contamination against storage time due to residual naphthalene in 
the packaging was not observable. This may be due to the low diffusion coefficient of 
naphthalene in solid food. Moreover, the short shelf-life did not allow sufficiently large 
amount of naphthalene to be migrated from the packaging into the food. 
A mathematical model was derived to account for the migration of naphthalene 
from packaging material containing a constant amount of residual naphthalene into solid 
food through intimate contact. The model had been found well fit to various types of solid 
food under a simulation experiment. The estimated difiUsion coefficient did not vary 
greatly among these solid foods under test. However, the partition coefficients were found 
proportional to the fat content in such solid foods as cheese, with different fat content, and 
butter being used as the simulants. 
Thus, it can be concluded that polyethylene is not an appropriate material for solid 
foods with high fat content especially if the atmosphere contains a considerable amount of 
naphthalene or the residual naphthalene in the packaging is high. 
* 
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C H A P T E R 8 
MIGRATION OF NAPHTHALENE INTO OTHER TYPES OF POLYMER 
8.1 Introduction 
In our previous study, we observed naphthalene contamination in milk drinks 
contained in low density polyethylene bottles. Apart from polyethylene, there are other 
polymeric substances employed as packaging material. It was the purpose of the present 
work to assess the extent of naphthalene contamination when other polymers were used as 
packaging materials. It is antipicated that the extent of contamination depends on the 
permeability of naphthalene through the polymer. Hence, the factors affecting the 
permeability of naphthalene would be assessed. 
8.2 Theory 
8.2.1 Free-Volume Model 
A number and of models for gas or organic vapour transport in polymers have 
been proposed during the last 20 - 30 years [48-51]. The free-volume model based on 
Cohen and Tumbull's theory [52] suggests that diffusion is resulted from a re-distribution 
of free volume voids caused by random fluctuations in local density. This model is found 
valid for most penetrant / polymer systems with difilision coefficients that exhibit strong 
concentration dependence such as organic vapours in amorphorus polymers. Based on the 
model, it can be predicted that for polymer having a glass transition temperature Tg far 
below room temperature will exhibit a high frequency of motion, and thus a higher 
permeability or diffusion coefficient of the difiusing molecules,at room temperature. On 
the other hand, for polymer having a glass transition temperature higher than room 
temperature will exhibit a practical null permeability at room temperature. 
8.2.2 Interaction between Polymer and Diffusing Molecules 
Apart from the physical properties, such as the glass transition temperature, Tg， 
the chemical properties of the polymer will affect the permeability of difiusant in it. 
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Permeability is a composite quantity comprising the diffusion coefficient and the 
solubility coefficient. From thermodynamics, the diffiisant vapour will be dissolved in a 
solid only if the dissolved state exhibits a lower free energy than the initial state. If the 
forces between the vapour molecules and the polymer molecules are stronger than those 
between adjacent polymer molecules in the solid phase, then solubility is favoured or the 
solubility coefficient is high. The chemical property that governs the strength of such 
inter-molecular interaction will be the polarity of the vapours and that the polymer 
molecules as well. Thus, it would be expected that polar organic vapours will have a larger 
solubility coefficient, i.e. higher permeability, in polymer with a larger polarity [58]. 
The above predictions were checked by studying how the permeability of 
naphthalene would be changed for various polymers having different glass transition 
temperatures and polarity. 
8.3 Experimental 
8.3.1 Instrumentation and Apparatus 
Same as described in Section 3.2.1. 
8.3.2 Materials and Reagents 
Same as described in Section 3.2.2. 
8.3.3 Procedure 
A saturated naphthalene vapour environment was established by placing 40 gm 
solid naphthalene inside a sealed container ( dimension : 25cm x 7 cm x 21 cm) and 
allowed to stand for weeks to attain an equilibrium state. 
Plastic containers for other types of food, were filled up with vegetable oil,which 
acted as a simulant, and then sealed by aluminium foil. The amount of naphthalene 
permeated through were determined by gas chromatography after Dean and Stark 
distillation. The total surface area corresponding to the amount of vegetable oil taken for 
deterimination ( about 20 gm) was also estimated for each determination. 
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8,4 Results and Discussion 
8.4.1 Nature of Common Packaging Materials 
The packaging materials of over a hundred of different food items were identified 
and grouped together according to the nature of polymers used. The results are reported 
in Table 8.1. 
Table 8.1 Tne nature of polymeric material used in various type of foods 
Type of Material Type of Food 
Low Density Polyethylene (LDPE) milk drink, fruit, bread, frozen 
meat products, salad dressing 
High Density Polyethylene (HOPE) milk drink, beverage 
Polypropylene (PP) Chinese dim-sum, candies, cake 
Polystyrene (PS) yoghurt, margarine, ice-cream 
Butadiene Styrene Copolymer (BSC) cold drink, ice-cream, chocolate 
Polystyrene Foam (PSF) Fast food, cup noodle 
Polyethylene terephthalate (PET) Edible oil, soft drink,distilled water 
Polyvinyl chloride copolymer (PVC) Edible oil, soft drink, retailed food 
8.4.2 Permeability Test 
Containers of each type of polymeric packaging material were selected for the 
permeability test. The results are summarized in Table 8.2. The determination were done 
at room temperature ( 25°C ). 
71 
Table 8.2 Relative permeability ( 25°C ) for different types of polymer 
Type of Specimen Naphthalene Relative 
Polymer Thickness Permeated Permeability 
(cm) (}ig / cm2) (|ig / cm) 
LDPE 0.045 ^ 1.44 
H D P E 0.045 ^ 0.99 
2 P M i l ^ 0.65 
PS 0.025 0.01 
BSC 0.043 3 0.13 
PSF he 0.14 
PET 0.046 OA 0.005 
P V C 0.045 0.06 0.003 
As the permeability is inversely proportional to the specimen thickness which were varied 
among different samples, the permeability of naphthalene in different polymer should be 
compared by the product of naphthalene permeated per unit area and the thickness of 
specimen, which is known as the "relative permeability" here. 
8.4.3 Permeability and Tg 
The determined relative permeability as well as the glass transition temperature Tg 
[59,60] for each type of polymeric material were summarized in Table 8.3 and plotted in 
Figure 8.1. However, Tg values for butadiene-styrene copolymer (BSC) and polystyrene 
foam (PSF) are not available in handbooks or reported in literature. 
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Table 8.3 Relative permeability and Tg values for different types of polymer 
Type of Rel. Permeability Tg 
Polymer (股 / cm ) ( K。） 
LDPE 183 




PSF O M * 
PET 0.005 346 
P V C 0.003 358 
From the Figure 8.1, it can be observed that for polymers having a Tg value higher than 
room temperature (298 °K) exhibit a very low or practical null permeability of 
naphthalene. But for polymer having a Tg value lower than room temperature (298 °K) 
exhibit a considerable permeability of naphthalene. Moreover, the permeability decreases 
rapidly as the Tg value increases. 
This observation is consistent with the previous prediction according to the theory 
of diffusion in polymer. However, only qualitatively treatment could be done here as the 
reported Tg values are only estimated values, which vary greatly among different grades 
and formulation. Moreover, it was observed that polystyrene foam did have a higher 
permeability than polystyrene, possibly owing to the introduction of more air space in the 
foam type. A similar enhancement will also be expected in plasticized P V C copolymer 
where the flexibility of polymer chains are much higher. 
8.4.4 Permeability and Polarity 
In the literature, polarity of polymer is defined as 
o 
73 
Relative Permeab i l i t y 
1.6 ^ 
= L D P E 
1.4 -
Room Temp., (298 K) 
1.2 -
1 - s hppe 




0 . 2 -
ol 1 1 ^ Pvc 
0 100 200 300 400 
Glass Transi t ion Temp., K 
Figure 8.1 A Plot of the Relative Permeability against Glass Transition Temp. 
for some Polymers • 
where 6 is the solubility parameter and 6p is the solubility parameter of the polar 
component [61]. 
Polarity of some polymer types and the respective permeability of naphthalene determined 
are summarised in Table 8.4. 
Table 8.4 Relative permeability and polarity values for different type of polymer 
Type of Rel. Permeability Polarity 
Polymer (昭 / cm) 
LDPE I M 0 
H O P E 0 
PP ^ 0 
PS 0.168 
P V C 0.003 0.146 
PET 0.005 0.221 
From the above comparsion, it is clear that the relative permeability of naphthalene drop 
rapidly to a very low value or practically null value as the polarity of the polymer 
increases.This is expected that from the solubility of naphthalene vapours in polymer as 
naphthalene is a non-polar organic compound. Further, the inner cohesion of the polymer 
solid increases with the degree of crystallinity as the efficiency of molecular packing 
assists intermolecular interactions [62]. Thus, if all others being equal, vapour will dissolve 
less easily in crystalline polymer than in amorphous polymer. Unfortunately, no data are 
available for comparsion of the relative permeability of naphthalene in polymers with their 
respective degree of crystallinity. 
8.5 Conclusion 
It is clear that naphthalene contamination due to naphthalene vapour can be 
avoided if milk is stored in other polymeric packaging material such as polyethylene 
terephthalate (PET) or polyvinylchloride copolymer (PVC) instead of low density 
polyethylene (LDPE). The improvement will be very promising as shown in the study. 
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In general, parameters such as the glass transition temperature, Tg, the polarity of 
the polymer molecules and the prospective contaminants, and the degree of crystallinity of 
the polymer should be considered carefully if a decision on the choice of polymeric 
packaging material has to be made. 
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C H A P T E R 9 
FURTHER STUDIES 
9.1 Residual Aromatic hydrocarbons 
9.1.1 Introduction 
W e have reported in the previous chapters contamination in milk drinks and some 
solid foods due to naphthalene in air and in the packaging materials. The study was also 
extended to vapours of volatile organic compounds such as benzene and xylenes. 
However, contamination in food due to residual volatile organic compounds have yet to 
be studied. The seriousness of the problem should not be overlooked as the residue level 
of those volatile compounds in some types of packaging materials were found at a very 
high level. This was revealed by a survey on the residue level of aromatic compounds in 
some common packaging materials. 
9.1.2 Survey on Level of Aromatic Compounds in Packaging Materials 
The level of some volatile aromatic compounds, including naphthalene, in some 
common food packaging materials were determined by gas chromatography with the same 
procedure described in previous chapters. The results are summarized in Table 9.1. 
Table 9.1 The level of volatile aromatic compounds in some common packaging materials 
Level of Residual Aromatic Compounds in Packaging , ( ppm) 
Polymer Type Naphthalene Styrene Ethyl Benzene Xylenes Cumene 
Low Density PE 
_ Sample 1 ： ： - -
Sample 2 ： ： - . 
^High Density PE ： 
- S a m p l e 1 ^ ： - - • 
一 Sample 2 2.07 - - - _ 
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Level of Residual Aromatic Compounds in Packaging , ( ppm) 
Polymer Type Naphthalene Styrene Ethyl Benzene Xylenes Cumene 
Polypropylene 
Sample 1 - - - - -
Sample 2 二 - - - -
Polystyrene 
Sample 1 : 500 ^ ^ -
Sample 2 ： ^ 12 - 31 
Sample 3 ： 432 ^ 12 10 
Sample 4 ： ^ 123 ^ 38 
Polystyrene Foam 
Sample 1 ： ^ 42 H -
Sample 2 ： 7 M 9 6 8 
Sample 3 ： ^ 138 29 -
Butadiene Styrene 
Copolymer 
Sample 1 - | 180 | 12 | 3 -
Twelve samples of other common packaging materials such as poly(vinyl chloride) 
copolymer, cellulose acetate, polyethylene terephthalate were also examined and none of 
the aromatic hydrocarbons under study were detected. 
9.1.3 Conclusion 
From the results of the survey, it can be concluded that polystyrene and other 
related polymeric packaging materials did contain aromatic hydrocarbons such as styrene 
monomer and xylenes at levels ranging from several ppm up to several hundred ppm. 
Naphthalene was also detected in polyethylene and polypropylene packaging material. 
As more and more aromatic hydrocarbons have been suspected as carinogenic 
substance [63], study in their migration from the packaging into foods shared desirable 
and beneficial to the public. Further, polystyrene packaging materials are mostly used to 
contain foods with high fat contents such as chocolate, oil fried food and ice-cream. As 
these aromatic hydrocarbons are all fat-soluble, their migration the foodstuff would be 
then expected. 
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9.2 Contamination in Solid Food through Indirect Contact 
9.2.1 Introduction 
Solid food may come into contact with the packaging material directly or 
indirectly. It is perceivable that the way of contact would determine the mechanism as 
well as the extent of migration of contaminant from the packaging material into the 
foodstuff. 
“Indirect contact “ refers to the contact through the layer of air between the 
packaging material and the foodstuff during storage. As there is no direct contact between 
the packaging material and the foodstuff, migration of contaminants or additives directly 
from the packaging into the foodstuff thus is seemed not feasible. Hence, transfer of 
volatile vapours through the packaging material would become the unique route of 
contamination. 
In chapter 7, the study of naphthalene contamination in solid food having direct 
contact with packaging material was conducted. The possibility of contamination in solid 
food with indirect contact with packaging should also be explored. Indeed, similar study 
had been reported concerning the migration ofBHT through airspace in food package 
systems [64]. 
In the following investigation, the possibility of contamination due to volatile 
organic vapours was explored under a simulated condition. A low density polyethylene 
film was employed as the testing polymeric packaging material. The volatile organic 
vapours being tested were hexane, ethyl acetate, benzene, toluene, p-xylene, ethyl 
benzene, cumene (isopropyl benzene), methyl isobutyl ketone and naphthalene. These are 
the volatile organic compounds that are frequently encountered in our daily life. 
9.2.2 Experimental 
A simulated condition was set up for the study. This included a beaker，which 
contained 20 gm of vegetable oil which acted as food. A polyethylene film (thickness 
0.011cm) was mounted on the open-end of the beaker, which simulate a food having 
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Hgure 9.1 E^erimental Setup for the Study of Contamination in SoUd Food 
through Indirect Contact 
indirect contact with the packaging material. The beaker was placed inside a controlled 
environment containing certain amount of volatile organic vapours under study [Figure 
9.1]. 
The controlled environment was established by placing a mixture of the organic 
compounds dissolved in vegetable oil ( 7.5 ml of hexane, p-xylene, benzene, ethyl acetate, 
methyl isobutyl ketone, ethyl bezene and 1.5 ml toluene，5 ml cumene and 1.0 gm 
naphthalene in 100 gm of vegetable oil) inside a disiccator (24 cm diameter) and the 
system was left alone for a month to attain equilibrium. 
The organic vapours would permeate through the packaging film and then be 
absorbed by the food simultant (vegetable oil) inside the beaker . The amount of organic 
vapours absorbed was determined by gas chromatography after Dean & Stark distillation. 
The monitoring work was conducted within a period of 4 weeks. 
9.2.3 Results and Discussion 
The amount of volatile organic absorbed by the vegetable oil was determined 
within a period of 4 weeks. The results are summarized in Table 9.2. 
Table 9.2 Amount of volatile organic compounds absorbed in oil through the air 
Volatile Amount of volatile organic absorbed in edible oil ( gm ) 
OrganicCpds 7 d+ 28 d+ 
Hexane 0.234 0.235 0.232 0.245 
Ethyl acetate 0.164 0.277 0.286 0.309 
Benzene 0.319 0.380 0.390 0.401 
Toluene 0.057 0.082 0.086 0.086 
Ethyl benzene 0.212 0.439 0.458 0.517 
p - Xylene 0.196 0.426 0.454 0.526 
Cumene 0.091 0.207 0.246 0.310 
M I B K 0.0016 0.0038 0.0060 0.0091 
Naphthalene 0.0014 0.0031 0.0062 0.0099 
“+ " time of exposure 
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All the volatile organic vapours under test were found possible permeate through the 
polymer and were absorbed by the simulant. Except for the case of cumene, naphthalene 
and methyl isobutyl ketone, the amount of other volatile organic compounds absorbed by 
the simulant levelled off quickly within the first 14 days of exposure [Figure 9.2]. This 
phenomenon reflected the diffusion rate of different type of volatile organic vapours in the 
polyethylene film. 
9.2.4 Conclusion 
From the results of the above simulation test, it is obvious that volatile organic 
vapours can permeate through the packaging material and lead to contamination in 
foodstuff even though there is no direct contact between the foodstuff and the packaging 
material. 
However, the situation is still not clear when real food samples are exposed to an 
environment containing certain amount of volatile organic vapours. Anyway, it can be 
anticipated the food nature as well as the polymer type of the packaging material would be 
the prime factors. Further, it would be expected the contamination should be a difiusion 
controlled process. In short, the diffusion rate of the contaminant in the packaging 
material would determine the lag time for contamination to begin. The fat content on the 
surface rather in the bulk would then determine how much of these permeated organic 
vapour to be absorbed on the surface of the foodstuff. 
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Figure 9.2 Amount of Volatile Organic Compounds Absorbed in Oil through the 
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Appendix I -1 
BASIC iterative programme for Simplex Optimization 
10 R E M * * * S I M P L E X M E T H O D 15 * * * 
20 R E M ** I N P U T D A T A ** 
30 D I M F ( 4 1 ) 
40 F O R 1 = 1 T O 4 1 
50 R E A D F ( I ) 
60 N E X T I 
90 I N P U T “ I N P U T T H E I N I T I A L C O N C E N T R A T I O N ••； C 
1 0 0 IF C = 0 T H E N G O T O 1 4 0 0 
1 2 0 A = 1 . 0 3 6 
1 4 0 I N P U T “ I N P U T T H E I N I T I A L D I F F U S I O N C O E F F I C I E N T V A L U E D I 
1 4 5 IF D I = 0 T H E N G O T O 1 4 0 0 
1 6 0 I N P U T “ I N P U T T H E I N I T I A L E Q U I L I B R I U M P A R T I T I O N V A L U E " ; K I 
1 6 5 IF K I = 0 T H E N G O T O 1 4 0 0 
1 8 0 I N P U T “ I N P U T T H E N U M B E R O F E X P E R I M E N T A L D A T A •，； N P 
1 8 5 IF N P = 0 T H E N G O T O 1 4 0 0 ‘ 
20 0 I N P U T “ I N P U T T H E N U M B E R O F S I M P L E X W A N T E D "； M S N 
2 0 5 I F M S N = 0 T H E N G O T O 1 4 0 0 . 
2 4 0 D I M M ( N P ) , T ( N P ) , Z ( N P ) , N Z ( N P ) , N M ( N P ) , N ( N P ) 
2 5 0 F O R I = 1 T O N P 
2 6 0 P R I N T “ I N P U T T H E R E A D I N G F O R D A T A ”；I 
2 6 5 I N P U T M ( I ) , T ( I ) 
2 7 0 IF M ( I ) < 0 T H E N G O T O 1 4 0 0 
2 8 0 N E X T I 
2 9 0 R E M * * C O N S T R U C T I O N O F T H E I N I T I A L S I M P L E X * * 
3 0 0 D I M X ( 3 ) , Y ( 3 ) , E ( 3 ) 
3 1 0 X ( L ) = KI： Y ( L ) = D I 
3 2 0 X ( 2 ) = K I : Y ( 2 ) = 1 . 2 5 * D I 
3 3 0 X ( 3 ) = 1 . 2 5 * K I : Y ( 3 ) = D I 
3 4 0 S N = 1 、 
3 6 5 R E M * E V A L U A T E T H E V E R T I C E S * ‘ 
3 7 0 F O R 工 = 1 T O 3 
3 8 0 K = X(I)： D = Y ( I ) : G O S U B 1 0 0 0 
3 9 0 E ( I ) = E E 
4 0 0 N E X T I 
4 1 0 R E M * F I N D L O W & H I G H V E R T I C E S * 
4 2 0 L = 1: H = 1 
4 3 0 F O R I = 2 T O 3 
4 4 0 I F E ( I ) < E ( L ) T H E N L = I 
4 5 0 I F > E ( H ) T H E N H = 工 
4 6 0 N E X T I 
4 7 0 F O R I = 1 T O 3 
4 8 0 工F 工 <> L A N D 工 < > H T H E N M = I 
4 9 0 N E X T I 
5 0 0 P R I N T S N ; T A B ( 6 ) ; X ( L )； T A B ( 2 0 ) ; Y ( L )； T A B ( 3 4 )； E ( L ) 
5 1 0 R E M * C H E C K T H E T E R M I N A T I O N C O N D I T I O N * 
5 2 0 I F S N = M S N T H E N G O T O 1 3 6 0 E L S E S N = S N + 1 
5 3 0 R E M * C A L C U L A T E T H E C E N T R O I D & R E F L E C T I O N P O I N T * 
5 4 0 X C = ( X ( L ) + X ( M ) ) / 2 : Y C = (Y(L)-FY(M) )/2 
5 5 0 X R = 2 * X C - X ( H ) : Y R = 2 * Y C - Y ( H ) 
5 6 0 K = X R : D = Y R ： G O S U B 1 0 0 0 
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ER = E E 
IF E R > E ( L ) T H E N 6 8 0 
R：^  R E M * E X P A N S I O N C O O R D I N A T E S * 
: X E = 2 * X R - X C ： Y E = 2 * Y R - Y C 
K = X E : D = Y E ： G O S U B 1 0 0 0 
IF E E < E R T H E N 6 6 0 
6二 R E M * R E T A I N R V E R T E X * 
X(H) = XR： Y(H) = YR： E(H) = ER: GOTO 670 
5』REM * RETAIN E VERTEX * 
0 X(H) = XE： Y(H) = YE： E(H) 二 EE 
= H : H = M: M 二 L: L = N: GOTO 500 
IF E R > E ( M ) T H E N 7 2 0 
7 ° R E M * R E T A I N R V E R T E X * ^ 丨 
y.l X(H) = XR： Y(H) = YR： E(H) = ER 
N = H： H = M： M = N ： GOTO 500 
73" IP ER > E(H) THEN 760 . 
7 2 R E M * C O N T R A C T T O I V E R T E X ' * .. VJ 
X(H) = (XC + X R ) / 2 : Y ( H ) = (YC + Y R ) / 2 ： G O T O 7 7 0 : •丨 
7 Y R E M * C O N T R A C T T O K V E R T E X * . 
X(H) = (XC + X ( H ) ) / 2 ： Y ( H ) = (YC + Y ( H ) ) / 2 
‘ 78Q K = XfH) ： D = Y(H) ： GOSUB 1000 ； 
99O 丘（H) = E E : G O T O 4 2 0 
IN乂 咖 * * E R R O R F U N C T I O N S U B R O U T I N E * * 
ft EE = 0 
POR J = 1 TO NP 
Z(J) = ( (D*T(J)*86400)^0.5)/(A*K) 
iQ.^  IP Z(J) <= 1.0 THEN GOSUB 1300 
lO二 IP Z(J) > 1.0 AND Z(J) <= 3.0 THEN GOSUB 1200 
L^LL IP Z ( J ) > 3 . 0 T H E N N M ( J ) = C * K * E X P ( Z (J) *Z (J)) 
= E E + A B S ( M ( J ) - N M ( J ) ) 
10 next J ： 
LLZ 吻 U R N 
ll^： N2(J) = 21 + INT((Z;(J)-1)/0.1) ： TD=(Z(J)-INT(10*Z(J))/10)/0.1 .•‘ 
？(J) = NZ(J) + 1 
l^Sn N M ( J ) = C * K * ( F ( N Z ( J ) ) + ( F ( N ( J ) ) - F ( N Z ( J ) ) ) * T D ) 
l3oa r e t u r n 
购(J) = 1 + INT(Z(J)/0.05) ： TD=(Z(J)-INT(Z(J)/0.05)*0.05)/0.05 
^330 = N Z ( J ) + 1 
〜X _ J ) = C * K * ( F ( N Z ( J ) ) + (F(N(J))-F(NZ(J)))*TD) 
r e t u r n 
， I N T 
， 工 = 1 T O N P 
〜 ？ 咖 T T A B ( 5 ) ;M(I)'.TABCSO) ,.NM(I) 
U o o ， T I 
S O ’ T A 0 , 0 . 0 5 6 5 , 0 . 1 1 3 6 , 0 . 1 7 1 9 , 0 . 2 3 1 8 , 0 . 2 9 4 2 , 0 . 3 5 9 6 , 0 . 4 2 8 8 , 0 . 5 0 2 7 , 0 . 5 8 2 2 
^ ^ T A 0 . 6 6 8 3 , 0 . 7 6 2 3 , 0 . 8 6 5 5 , 0 . 9 7 9 6 , 1 . 1 0 6 4 , 1 . 2 4 8 2 , 1 . 4 0 7 4 , 1 . 5 8 7 3 , 1 . 7 9 1 4 
HBQ ^ ^ T A 2 . 0 2 4 2 , 2 . 2 9 0 7 , 2 . 9 5 1 8 , 3 . 8 4 2 2 , 5 . 0 6 1 9 , 6 . 7 6 0 6 , 9 . 1 6 6 1 , 1 2 . 6 2 9 8 , 1 7 . 7 0 1 6 
H9O ^ ^ T A 2 5 . 2 5 5 1 , 3 6 . 6 9 9 6 , 5 4 . 3 4 3 8 , 8 2 . 0 2 4 4 , 1 2 6 . 2 3 3 8 , 1 9 8 . 1 1 6 7 , 3 1 7 . 1 2 9 8 , 5 1 7 . 8 0 2 0 
8 6 2 . 4 3 8 6 , 1 4 6 5 . 3 7 3 8 , 2 5 4 0 . 0 1 4 3 , 4 4 9 1 . 5 7 5 9 , 8 1 0 2 . 9 0 4 9 
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Appendix I -2 
Estimation of Dp by Sorption Method 
Inroduction 
A sorption method described here was used to determine the diffusion coefficient of 
naphthalene in polyethylene. In this method, the diffusion coefficient was assumed 
constant and the polymer sheet does not swell. 
Procedure 
The experimental procedure is to suspend a plane polyethylene ( cutting from the 
polyethylene bottles for milk drinks ) of thickness 1 in an atmosphere saturated with 
naphthalene vapour maintained at constant temperature ( 25 ^ C ) and 1 atm pressure, and 
to observe the increase in the naphthalene concentration of naphthalene of the sheet and 
hence the rate of uptake of naphthalene vapour. 
Mathematical Derivation 
If the uptake is considered to be a diffusion process controlled by a constant diffusion 
coefficient D. The appropriate solution of the diffiision equation may be written as 
= 8 __L_exp{-D(2m + l ) V 4 ) ( 1 ) 
Where M^ 二 total amount of naphthalene vapour absorbed by the sheet at time t 
M ^ = the equilibrium sorption attained theoretically after infinite time 
(practically, that is the saturation value of M t ) 
By exansion through the series of the equation (1), we have 
iV/oo 尸 9 r 2 5 r 
For approximation, the higher order terms are neglected, thus 
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Moo tT I 9 / 
if — = - , i.e. at the half-time of the sorption process 
iV/00 2 
then i = l-4r{exp[-Z);:2 .(-l),J+-iexp[-Z);r .(去)J'} 
2 ；r" / y I 
卷-去 ^y^ i-Dft". f = exp[ - . , 
as [ = {exp卜Dtt^  + •.…} 
16 /2 
...吾三exp[-Z)7rM女U 
1 6 9 1 6 / 2 
1 6 9 1 6 / 2 » 
。 ， ： D (2) 
¥ 
So, if the half-time of the sorption process is observed experimentrally, the value of the 
diffusion coefficient can be determined from equation 2. 
Results 
Six indentical strip of low density polyethylene taken from a milk sample bottle were 
exposed to an environment saturated with naphthalene vapour at room temperature. The 
amount of naphthalene uptaken by the strips were monitored in a period of 10 weeks. The 
89 
results were summarized in the following table. The tV2 was obtained from the graph of 
naphthalene concentration in strips against exposure time [Figure AI-3]. 
Exposure Time (day) Napnthalene Conc. (ppm) 






From the plot of the above result, was found as 8.4 day (i.e.725760 sec.). The 
thickness of the pacjaging material was 0,04 cm. Then according to the equation, the 
estimated Dp was 1.0 x lO-iOcmVs. 
* 
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Figure AI-1 Sorption Curve 
C H A P T E R 1 
INTRODUCTION 
1.1 Overview 
Plasticisers have been used in food contact materials for over 30 years and 
thousands ton of plasticisers are now being used in this way over the world annually [1]. 
Despite their long history, the process of assessing the usage of plasticisers and the 
possible health effects arising from their contamination of food was began several years 
ago. Studies by the U S National Toxicology Program indicating that two common 
plasticisers (Di-2-ethylhexyl phthalate, D E H P & Di-2-ethylhexyl adipate, D E H A ) caused 
carinogenic effects at high doses in mice and rats of both sexes [2,3]. The implications to 
humans, however, have yet to be determined. 
A substantial amount of research effort is thus presently being undertaken world-
wide in order to access more fully the significance of the above reports on D E H P and 
D E H A and also the toxicolgical status of other plasticisers of signifiance to industry. 
On the other hand, studies on the migration of plasticisers from food contact 
materials into foodstuffs have been carried out in some European countries. Indeed, 
plasticisers can be present in food packaging materials in significant amounts and have the 
potential to migrate into food. Thus the main objective of those studies was to collect 
information about which placticisers were used in food contact applications and at what 
levels. Moreover, information was also needed on the extent of migration in order to 
estimate the potential exposure to these substances from the ingestion of food. All these 
information are badly needed for the government or regulatory authorities to set up new 
guide-lines or regulations regarding the use of plasticisers in food contact materials. In 
fact, several new laws had been passed related to the use of plasticisers in food contact 
application. The typical example was that studies by the Swedish workers on the migration 
of D E H A into cheese, which led the Swedish Authorities to recommend against the use 
of DEHA-plasticized P V C film for the retail packaging of cheese [4]. However, 
investigation or research concerning the migration problem of plasticisers in foodstuffs 
have not been conducted in Hong Kong so far. Thus no one knows how serious the 
problem would be in Hong Kong. 
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In this study, a general study of the possible migration problem of plasticisers in 
food through food contact materials was conducted. This included a general survey of 
plasticisers level in foods as well as in food contact materials for a great variety of food 
items. The survey was concentrated on the food items that are available in the local 
market. 
By studying migration under controlled conditions, we attempted to estalish a 
mathematical model to account for the migration process related to the food contact 
material and food. Such a model was applied to predict the extent of migration after a 
certain storage period if the nature and plasticiser level in the food contact material was 
known. On the other hand, the allowable storage time, corresponding to the tolerance limit 
of plasticisers in food, could also be determined by the model. These information would be 
crucial for the regulatory authority to set up guide-lines regarding the use of food contact 
materials containing plasticisers. 
Over the past few years, microwave ovens have become a common item in today's 
household. The time savings involved in "in-packaging" cooking is a significant 
convenience feature for many working people. Moreover, plasticised cling-film is widely 
recommended for use in microwave cookery to cover foods during heating to prevent the 
surface drying out [5]. Thus it was desirable for the migration problem related with the 
microwave cooking to be included in the study. Also, correlation between the extent of 
migration and some special parameters ,such as the fats content in food, should be found 
out. All these information would serve as guidelines regarding the use of plasticised cling 
film or other food contact material in microwave heating. 
1.2 Backgounds 
1.2.1 Definition 
The Council of the International Union of Pure and Applied Chemistry adpoted the 
following definition on 15th September, 1951 : 
"A plasticiser is a substance or material incorporated in a material 
(usually a plastic or an elastomer) to increase its flexibility, workability 
or distensibility. A plasticiser may reduce the melt viscosity, lower the 
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temperature of second order transition or lower the elastic modulus of 
the product" [6]. 
In general, plasticisers are high boiling point liquid esters such as dioctyl phthalate, 
trixylyi phosphate, and dioctyl sebacate. Materials with boiling points much below 250。C 
are not normally classed as plasticisers since, although they impart mouldability in 
processing, insufficient amount finally remains to impart any measure of flexibility to the 
final product, owing to their loss at processing temperatures. 
1.2.2 History 
The concept of plasticisers was first introduced in the First World War when some 
substances were needed to plasticise the newly discovered cellulose acetate. In those days, 
cellulose acetate was developed as a non-flammable aeroplane dope used in the war. 
Consequently many other substances were then examined as plasticisers. Those still being 
used today include triphenyl phosphate, dimethyl phthalate, diethyl phthalate，and di-2-
methoxyethyl phthalate. 
It was not, however, until the advent of poly(vinyl chloride) that the plasticiser 
industry received a strong impetus. Although known and used to some extent before 1939, 
the manufacture of plasticised PVC increased tremendously during the Second World 
War. In fact, it was most fortunate for the Allied cause that plasticisesd P V C could be 
used to replace rubber in such applications as electrical insulation and jacketing, as there 
was an acute shortage of natural rubber, tyres being of first importance. At first, 
plasticisers such as dimethyl phthalate and diethyl phthalate were developed. However, 
due to their high volatility for most application, they were replaced by other high 
molecular weight dialkyl phthalates and triaryl phosphate later on. 
• — 
Some plastics became important only with the development of plasticisers for 
them; before the development of such systems, these polymers could only be applied from 
solution, and not moulded. Such plastic were the first important thermoplastics, cellulose 
nitrate and cellulose acetate, and subsequently P V C (poly(vmyl chloride)). 
1.2.3 Use of plasticisers 
Although to some extent plasticisers do have some disadvantages in that they are 
not absolutely permanent (i.e. they may be extracted or may cause contamination) and 
may cost more than P V C itself, they have made P V C a truly versatile material. Nowadays, 
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plasticisers are added to polymers other than PVC for one or more of the following 
reasons 
a. to lower the polymer processing temperature below its degradation temperature, 
b. to facilitate processing and application, 
c. to modify the service properties. 
Plasticisers are commonly used in linear, branched, and lightly cross-linked 
polymers. They may be used occasionally as process aids in highly cross-linked polymers. 
Plasticisers appear to function in polar polymers mainly by masking polar sites in the chain 
and thereby reducing hydrogen bonding. In all polymers, plasticisers tend to force the 
chains apart, giving them greater freedom of movement and also reducing van der Waals 
forces between the chains. 
The most acceptable mechanism has been proposed largely due to the work of 
Doolittle. The "gel theory" ,as it became called, had its beginning as early as 1927,when 
Manfred and Obrist described plasticisation as the saparation or disaggregation of the 
polymer molecules followed by oriented aggregation. The rigidity of an unplasticised 
polymer mass is considered to be caused by an internal three-dimensional honeycomb or 
gel structure formed by contacts between polymer molecules at various points along the 
chains. By the solvation-desolvation mechanism, plasticisation reduces the relative number 
of polymer-polymer contacts, thereby decreasing the rigidity of the three-dimensional 
structure and allowing deformation without rupture. In short, plasticisers improve the 
flexibility of polymer by reducing the aggregation of the polymer molecules. The efficiency 
of the plasticiser can be measured by the number of active centres that are solvated 
continuously at a given temperature by a given mole fraction of the plasticiser [7]. 
Attempts to plasticise a polymer having a very stiff backbone structure just like 
cyclic groups in the case of polystyrene are usually unsuccessful. Moreover, plasticisers 
are rarely employed in the crystalline polymers, such as polyethylene. 
In the food packaging and food processing industries the major plasticisers used 
are D E H A in packaging films. A small but important usage, especially of D B P ( di-n-butyl 
phthalate) and D C H P ( dicyclohexyl phthalate), is to plasticise the nitrocellulose on 
regenerated cellulose films. These specific uses have developed over a period of time 
because of particular technical requirements. Thus D E H A confers flexibility, 'cling', and 
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the appropriate oxygen permeability to PVC meat packaging films. The phthalate give cap 
seals the required physical properties, and their extremely low water solubility makes them 
suitable for packaging aqueous foods and beverages. 
1.2.4 Types of Plasticisers 
a. Phthalates 
Phthalic acid esters have been in use since the 193 (Vs. DEHP has such a good all-
round performance in terms of compatibility with the plastics, efficiency of imparting 
flexibility, low volatility, good cost-efiSveness and ready availability that it has accounted 
for at least 60 % of the total plasticiser production, but only a small part of this is used in 
food contact plastics. Its chemical structure is shown below: 
〇 CH2CH3 〇 
^ ^ ^ “一c—(CH2)3CH3 ^J；：：^ “ - C H 2 乂 
11 I PV 
〇 C H 2 C H 3 u 
Di-2-elhylhexyl phthalate Butyl benzyl phlhalate 
« 
More specialised phthalates are DBP, D C H P and BBP (benzyl butyl phthalate) which are 
used in nitrocellulose coatings for regenerated cellulose film. BBP may also be used in 
PVC to improve resistance to solvent extraction in the final product. While some of the 
phthalates are superficially similar, their usage reflects subtle difference in performance 
which may be evident only under particular processing conditions or in the final physical 
properties of the plastics material. It should not be assumed that these substances are 
readily interchangeable. 
b. Adipates 
These are diesters of adipic acid with the general formula ROOCXCHJjCOOR^ 
where R varies from CgHi^ to CjoHji for food contact applications. The most widely used 
ester is D E H A which has a good all-round performance and ready availability. Adipates 
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are used mainly in the production ofPVC wrapping films because they impart a high 
degree of cling' together with excellent low temperature properties and the appropriate 
oxygen and water permeability. The latter properties are important for the storage of fresh 
meat and other products. Other adipates that may be encountered are D H A (dihexyl 
adipate)，HOA (hexyl octyl adipate) and H D A (hexyl decyl adipate). The 
interchangeability of these should not be assumed for similar reasons to those for the 
phthalates. 
c. Sebacates, azelates 
Sebacic and azelaic acid esters are similar in structure to those of adipic acid, i.e. 
R00C(CH2)nC00R, where n=7 for azelaic acid and n=8 for sebacic acid. These 
plasticisers are commonly used as D O A Z (dioctyl azelate) and D B S (dibutyl sebacate) and 
both give low-temperature properties to the plastic materials. 
d. Citrates 
These are esters of citric acid and have good low temperature properties. The most 






CH3—C_〇二二 O ^ O - C ^ H g 
〇 
H ^ C - C - O - C ^ H g 
Acetyl tributyl citrate 
e. Phosphates 
The most popular phosphate plasticisers for food contact applications is D P O P 
(diphenyl 2-ethylhexyl phosphate). It is used in combination with other plasticisers as it is 
compatiable with P V C to only a limited extent, but it confers good flexibility at low 








Diphenyl 2-ethylhexyl phosphate 
f. Polymeric plasticisers 
The polyesters of glycols and dicarboxylic acids are plasticisers of high molecular 
weight. They differ from the monomeric plasticisers previously considered such as D E H A 
in that their molecular structure contains repeat units. It is common practice to include a 
third reactant in the polyester to modify or end-stop the product. This is commonly either 
an alcohol or a monocarboxylic acid. Excluding non-modified products, these are two 
possible general structures for polymeric plasticisers. These are: 
R - _ - C - O I R - O - C - R ' - C - O - R - O - C - R -
11 L “ 义 」 
〇 〇 〇 n 〇 
acid terminated 
广 • 
R " 一 〇 一 C — R , — C _ 〇 - R - O - C - R - C - 0 - R " 
II II L " “ 」 〇 〇 O O n 
alcohol terminaled 
where R(0H)2 and R'(C00H)2 are the starting alcohol and acid and R"OH and R'"COOH 
are the terminating alcohol and acid. 
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The high molecular weight is considered to confer a good resistance to extraction, 
migration and volatile loss, but may also give relatively poor plasticisation and low-
temperature properties. 
g. Epoxidised vegetable oils 
These plasticisers contain the epoxy (oxirane) grouping: 
Z \ 
R — — K — — 
They are manufactured by the controlled epoxidation of certain vegetable oils. The double 
bonds are converted to the epoxy groups. The most widely used oils are soya bean oil and 
linseed oil, partly because they have a sufficient number of double bonds in the fatty acid 
chains to produce the desirable physical and chemical properties. These epoxidised oils are 
usually defined in terms of their iodine number which is a measure of the number of 
residual double bonds and of their epoxy oxygen content. They are used in small quantities 
in conjunction with a wide range of plasticiser. The epoxidised oils have some of the 
properties of polymeric plasticisers, but also stabilising action against heat in PVC. 
1.3 Proposed Studies 
1.3.1 Survey of plasticisers level in food contact materials 
A general survey of plasticisers level in food contact materials for a great variety of 
food items available in the local markets was conducted. The categories of food items 
would include candies and chocolates, flour confectionary products, meat and meat 
products, dairy products, beverages, noodles and others. Methods were developed for the 
extraction and determination of plasticisers from different types of food contact materials. 
The nature of each food contact material had to be determined by infrared spectrometry 
prior to the survey. 
1.3.2 Survey of plasticisers level in foodstuffs 
A survey of the level of plasticisers level in foodstuff was conducted. Only those 
foodstuffs contained in packaging materials having high plasticisers level would be 
studied. However, procedure for the determination of plasticisers in different types of food 
is more complicated than those for the food contact materials. Procedures for the 
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extraction, clean-up and determination of plasticisers have to be developed. Due to the 
presence of food matrix interferences, gas chromatography with a mass spectrometry 
detector is prefered for the determination of plasticisers in food. Also, some special 
techniques such as isotopes dilution would be employed. 
1.3.3 Mathematical Modelling 
By studying migration of plasticisers under controlled conditions, we attempted to 
establish a mathematical model to account for the migration process from the food contact 
material into foodstuff. Based on the Pick's Law ofDiffijsion, a proposed model was 
derived. The validity of the model was checked against the experimental data for the 
migration studies under controlled conditions. Physical parameters such as the division 
coefficient and partition coefficient for different food / plasticisers would also be 
estimated. Based on these estimated values, their correlation with different food types or 
storages conditon could then be sought. 
1.3.4 Effect of Microwave Heating 
The extent of migration occurring in microwave reheating and defrosting where 
there were direct contact between the plasticised cling film with foodstuff； were 
determined for some typical food items. The case for "in-packaging" microwave cooking 
was also included in the study where five different dim sum samples were tested. 
Moreover, the correlation between the extent of migration and the fat content in foods, 
the standing time after heating and the power output rate were also sought. Such 
correlation would hopefully serve as guidelines for the users regarding the use of 
plasticised cling film in microwave heating. 
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CHAPTER 2 
SURVEY OF PLASTICISERS LEVEL IN FOOD CONTACT 
MATERIALS 
2.1 Introduction 
Plasticisers act as an additives to polymeric materials to enhance their flexibility for 
some desired purposes. In the food industry,amorphous type of thermoplastic polymers 
are mostly used as food packaging materials owing to their low gas permeability and 
strength. However, these materials are usually too tough or rigid for the use as packaging 
materials. Hence, plasticisers are added to improve their flexibility while their barrier 
properties are retained. A typical example is the addition of adipate to poly(vinyl chloride) 
copolymer in the production of cling film for food packaging. 
Apparently, different types of plasticiser would be employed for different types of 
plastic materials. Moreover, the amount of plasticisers added would depend on the 
application and the cost as well. However, it is desirable to have a survey on the level of 
plasticisers in food contact materials available in Hong Kong. This is because plasticisers 
present in the food contact materials may lead to contamination in food due to migration 
of plasticisers from the packaging materials. Indeed, a survey of plasticisers levels in foods 
conducted by the Ministry of Agriculture, Fisheries and Food in Britain had revealed that 
considerable amount of placticisers were found in various type of foodstuffs due to 
migration of plasticisers from the packaging materials into food [10]. 
* 
However, there is not any universial method for the determination of plasticisers in 
all different types of polymeric materials. In this study, a simple and efficient determination 
method was being sought which can suit as many type of polymeric materials as possible. 
Such a method would surely facilitate the work of the proposed survey and routine 
monitoring of the plasticisers level in food contact materials in future. 
2.2 Experimental 
2.2.1 Instrumentation and Apparatus 
The extract was analysed by an HP-5890 gas chromatograph equipped with a 
flame ionization detector (FID). A 10 m x 0.53 m m I.D. HP-5 fused silica column was 
used with nitrogen as carrier gas with column head pressure of 10 psi. The column 
temperature was programmed as follows : the oven was set at lOO^ C，then increased at a 
rate of lOoC/min. to 280°C and then held for 5 min.Quantification was based on peak area 
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ratio employing di-isobutyl phthalate (DIBP ) as the internal standard. All glassware were 
rinsed throughoutly twice by distilled dichloromethane before use in order to avoid cross 
contamination. 
The nature of the polymeric packaging materials were identified by infrared 
spectroscopy with a Fourier transform infrared spectrometer (model 20SXC Nicolet 
Instrument Corporation ). 
A multi-component simultaneous determination would be desirable in the gas 
chromatography analysis as long as the peaks of mixed standards in the gas chromatogram 
could be resolved. In the study, 12 different plasticisers as well as one internal standard 
were analysised in a single injection. A typical chromatogram is shown in Figure 2.1. The 
names as well as their abbreviation of the mixed plasticiser standards are shown in the 
Table 2.1. 
Table 2.1 The retention time of the mixed plasticisers standards 
Abbreviatio Plasticisers Retention Time (min) 
n 
PEP Diethyl Phthalate 
DIBA Di-isobutyl Adipate 
prop Di-isobutyl Phthalate 
D B P Di-n-butyl Phthalate 
D B S Di-n-butyl Sebacate » 11.36 
A T B C Tributyl 0-Acetyl Citrate 12.17 
BBP Benzyl n-butyl Phthalate 12.24 
D E H A Di-(2-ethylhexyl) Adipate 12.84 
D P O P Diphenyl 2-ethylhexyl Phosphate 13.48 
D E H P Di-(2-ethyihexyl) Phthalate 14.14 
D C H P Dicyclohexyi Phthalate 14.38 
D O A Z Di-n-octyl Azelate 15.72 
D O S Di-n-octyl Sebacate 16.25 
a. Calibration curves 
For each plasticiser, standards were injected over a wide range of concentrations 
(from 0.33 ppm to 1000 ppm). The ratio of the peak area of each plasticiser to that of the 
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1. Diethyl Phthalate 8. Di-(2-ethylhexyl) Adipate 
2. Di-isobutyl Adipate 9. Diphenyl 2-ethylhexyl Phosphate 
3. Di-isobutyl Phthalate 10. Di-(2-ethylhexyl) Phthalate 
4. Di-n-butyl Phthalate 11. Dicyclohexyl Phthalate 
5. Di-n-butyl Sebacate 12. Di-n-octyl Azelate 
6. Tributyl 0-Acetyl Citrate 13. Di-n-octyl Sebacate 
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Figure 2.1 Gas Chromtagram of the Plasticiser Standards by GC-FID 
internal standard was determined for each concentration and a calibration curve was then 
obtained. The coefficient of correlation of the calibration data were calculated to check the 
linearity of the calibration curve. Each determination was repeated in tripicate and the 
mean value reported and the slope as well as the correlation coefficient,R, were also 
determined. 
The concentration of the internal standard (DEBP) was 102 ppm. The data are shown in 
Tables 2.2a and 2.2b. 
Table 2.2a Data for the calibration curves of the plasticisers 
Conc. (ppm) PEP DIBA DBP DBS A T B C BBP 
0.33 .0029 .0026 .0013 .0030 .0024 .0021 
1.00 .0088 .0074 .0120 .0097 .0062 .0070 
3.33 .0286 .0243 .0311 0.030 .0193 .0225 
10.0 .0846 .0724 .0910 0.088 .0587 .0710 
33.3 0.288 0.246 0.2S9 0.276 0.193 0.249 
100 0.873 0.743 0.850 0.830 0.563 0.733 
333 2.81 2.39 2.75 2.77 1.83 2.48 
1000 9.01 7.66 8.70 8.96 5.97 7.98 
Slope 0.00713 0.00764 0.00775 0.00751 0.00589 0.00758 
R .9998 .9998 .9999 .9997 .9996 .9998 
Table 2.2b Data for the calibration curves of the plasticisers 
Conc. (ppm、 D E H A DPOP DEHP D C H P D Q A Z D O S 
0.33 .0030 - .0017 .0022 .0015 -
1.00 .0097 .0073 .0074 .0090 .0030 .0066 
3.33 .0311 .0274 .0286 .0290 .0284 .0525 
10.0 .0964 .0851 .0878 .0980 .0828 0.136 
33.3 0.327 0.276 0.297 0.314 0.260 0.348 
100 0.950 0.77 0.857 0.857 0.713 0.943 
333 3.05 2.63 2.79 2.85 2.33 3.07 
IQQQ 9.83 8.67 8.95 9.81 7.72 10.3 
Slope 0.00879 0.00866 0.00883 0.00894 0.00651 0.00931 
“ R .9997 .9995 9998 .9991 | .9995 .9994 
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b. Precision Test 
A mixed plasticisers standard was injected 10 times into the GC. The ratio of the 
peak area of each standard to that of the internal standard was recorded. The relative 
standard deviation was calculated for each plasticiser standard, and is shown in Table 2.3. 
The concentration of each plasticisers was 10 ppm. , 
Table 2.3 Data for the precision test 
Plasticiser Mean Peak Rel. Standard 
Area Ratio Deviation ( % ) 
PEP 0.0861 1.0 
D B A 0.0721 1.2 
DBP 0.0876 1.0 
DBS 0.0839 2.8 
ATBC 0.0591 1.8 
BBP 0.0751 2.2 
D E H A 0.0986 1.4 
DPOP 0.0846 3.3 
DEHP 0.0905 2.5 
D C H P 0.0982 5.9 
D O A Z 0.0844 3.5 
“ D O S 0.1146 4.6 
c. Detection limit 
The detection limit for the determination of each plasticiser was estimated from the 
least detectable concentration. If the sample weight was in the range of 0.2 - 1.0 gm and 
the final solution was 10 ml (in the chloroform extraction method), the detection limit 
could be estimated as 
Detection Limit = (Least Detectable Concentration x 10 ml) / 0.2 gm 
The estimated detection limit for each plasticisers are summarized in Table 2.4. 
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Table 2.4 The detection limits for the plasticisers 
Plasticiser Least detectable Detection Limit 
Conc. (ppm) Og/g) 
PEP ^ 6.5 
DIBA 5.0 
DBP 0J_1 5.5 
DBS 6.0 
ATBC OJ^ 5.0 
BBP O M 5.5 
D E H A qj_l 5.5 
DPOP O M 17 
DEHP 5.5 
DCHP y j 5.5 
D O A Z ^ 6.0 
D O S T 0.37 19 
It can thus be concluded that the gas chromatographic determination method is 
quite acceptable as the method can attain large linear range, high precision and low 
detection limit as well. 
2.2.2 Reagents and Materials 
The plasticiser standards were obtained from TCI Chemical Co. (Tokyo Kasei). 
Solvents used for extraction were all of analytical grade. The solvents were distilled and 
tested plasticiser-free before use. Food samples，for the survey of plasticisers in packaging 
,were bought from supermarkets. 
Stock solution (1000 ppm) for each placticiser was prepared by weighing 
accurately about 0.1 gm standard and dissolved in n-heptane and diluted to 100 ml. The 
working mixed standard solution, about 10 ppm of each plasticisers, was prepared by 
adding 1 ml of each stock solution into a calibrated 100-ml volumetric flask and made up 
to the mark with n-heptane. 
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2.2.3 Procedure 
a. Identification of food contact material 
The nature of the polymeric packaging materials were identified by infrared 
spectrocsopy. However, different types of samples may require different pre-treatment. 
i. Direct determination 
For packaging materials in a form of thin transparent film, the nature of the polymer 
was identified directly by mounting a sample sheet on an infrared spectroscopy cell. 
ii. Hot press method 
For packaging materials, which are transparent but with a definite thickness, a thin film 
was produced by the holding a piece of polymer was held within the flat mouth pieces of a 
pliers and then heated to melt by a flame. The melted polymer was then pressed into a thin 
film and the pliers was then quenched in cool water immediately. The thin film was taken 
away by a scraper. The nature of the material were determined by infrared spectroscopy. 
iii. Solvent dissolution 
For an opaque or colored packaging material, a thin film was obtained by dissolving 
the material in an appropriate organic solvent [11]. The nature was then determined 
by infrared spectroscopy. 
b. Extraction methods 
Plasticisers in polymers are usually determined by gas chromatography after 
extraction by reflux with different solvent systems depending on the nature of the polymer 
involved [11-14]. The material was cut into small pieces and refluxed with an appropriate 
solvent system in a flask for one hour. Any dissolved polymeric substance was precipitated 
out by the addition of ethanol and then removed by filtration. The plasticisers extract in 
the filtrate was determined by gas chromatography. Some typical solvent systems for 
various plastic materials are summarized in Table 2.5. 
Table 2.5 Common solvent systems for different plastic materials 
Plastic Material Solvent System 
Polyethylene Toluene 
Polypropylene Chloroform 
Polyvinyl chloride Copolymer Dichoromethane 
Cellulose Acetate Hexane : Ethanol (1:1) 
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However, extraction by reflux is rather a laborious method. Startin and Gilbert 
[15] had proposed that the amount of plasticiser in cling film could be determined by gas 
chromatography after allowing the packaging material to stand overnight in chloroform 
containing certain amount of internal standard. This chloroform extraction method was 
also reported applicable to other polymer-plasticiser systems [10,16,17], Obviously, this 
method is simpler and less-time consuming compared with the solvent reflux methods 
claimed above. 
Nevertheless, comparsion tests were thus needed to validify the applicability of the 
chloroform extraction method to others types packaging materials apart from cling film. 
20 packaging material samples were divided into six groups according to their 
nature namely as polyethylene, polypropylene, nylon, polyethylene terephthalene, cellulose 
acetate and polyvinyl chloride copolymer. The results obtained by chloroform extraction 
method and solvent reflux method were compared for each type packaging material.as 
well. The chloroform extraction method would thus be accepted if the absolute average 
deviation from the solvent reflux method was less than 10 %. 
For nylon and polyethylene terephthalate (PET), where no appropriate solvent 
system was suggested in literatures, toluene was then chosen as the solvent system for the 
solvent reflux method. Toluene is the most drastic solvent system among the systems 
summarized in Table 2.5. 
For the solvent reflux method, a piece of packaging material ( approximate size : 
100 X 100 mm2) was weighed accurately and cut into small pieces. They were placed 
inside a 250 ml round bottom flask and added with 2 ml internal standard (122 ppm DffiP 
in n-heptane) ae well as 19 ml extraction solvent as claimed in the previous table. The 
mixture was heated to gentle boiling and refluxed for 90 min. The amount of plasticisers 
extracted was determinated by gas chromatography and their identity were confirmed by G C M S . 
For the chloroform extraction method, a piece of packaging material ( approximate 
size : 100 X 100 mm^) was weighed accurately and cut into small pieces. They was placed 
inside a 30 ml amber glass sample bottle and added with 1.0 ml internal standard (122 ppm 
DIBP in n-heptane) as well as 9.0 ml chloroform.The sample was then left overnight after 
the sample bottle was sealed by cap with polyethylene lining. The amount of plasticisers 
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extracted was determinated by gas chromatography and their identity were checked by 
GCMS. 
c. Survey of plasticisers level in food contact materials 
The survey covered the food contact materials for a great variety of food items 
including flour confectionary products, candies, drinks, meat products, dairy products, 
noodles, etc. Moreover, packaging material for domestic uses such as cling film and 
plastic bag were also included in the survey. A total 200 samples were taken for the 
determination of plasticisers level in the food contact materials. 
a 
A piece of packaging material ( approximate size : 100 x 100 mm^ ) was weighed 
accurately and cut into small pieces. For polypropylene, polyethylene terephthalate, nylon 
and polyvinyl chloride copolymer, the chloroform extraction method was used. For 
polyethylene, the toluene reflux method was used. For cellulose acetate, the 
hexane/ethanol (1:1) reflux method was used. The extracted plasticisers were then 
determinated by gas chromatography and their identity were confirmed by GCMS. 
2.3 Results and Discussion 
2.3.1 Comparsion of extraction methods 
The result by the chloroform extraction method and the corresponding solvent 
reflux extraction method were compared for different types of food contact materials. The 
labourios solvent extraction method would be replaced by chloroform extraction method 
for particular type of polymeric food contact material if the absolute average deviation 
was less than 10 %. The result of the comparsion tests were summarized as below 
according to the nature of food contact materials. 
a. Polyethylene (PE) 
Amount ofDBP extracted ( ^ g/g) 
Samples CHCL飞 extraction Toluene reflux Deviation 
1 m ^ - 44 % 
2 80 - 68 % 
3 ' m 500 - 46 % 
4 m ^ - 52 % 
absolute average deviation = 53 % 
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b. Polypropylene (PP ) 
Amount of DBP extracted (^ ig/g ) 
Samples C H C U extraction CHCL-^ reflux Deviation 
1 ' m ^ 0 % 
2 ^ ^ - 3 % 
3 1410 + 6 % 
absolute average deviation = 3 % 
c. Nylon 
Amount of DBP extracted ( ^ g/g ) 
Samples CHCL^ extraction Toluene reflux Deviation 
1 - 7 % 
2 ^ ^ + 3 % 
3 300 0 % 
absolute average deviation == 3 % 
d. Polyethylene Terephthalate (PET ) 
Amount of DBP extracted (^ig/g) 
Samples CHCL^ extraction Toluene reflux Deviation 
1 ^ ^ + 3 % 
2 n o -15% 
3 91 97 ‘ - 6 % 
4 N.D. N.D. -
absolute deviation = 6 % (N.D. - not detected) 
e. Cellulose Acetate ( C A ) 
Amount of DBP extracted (|ig/g) 
Samples CHCL-^ extraction Hexane:EtOH Reflux Deviation 
1 6000 6800 - 12 o/o 
2 ^ - 67 % 
3 70 I 90 - 22 o/o 
absolute average deviation 二 ‘SAQ/o 
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f. Polyvinyl Chloride Copolymer (PVC) 
Amount of Plast Extracted, mg/g 
Samples Plasticiser CHCL^ extraction CH2CL2 Deviation 
extraction 
1 D M A ^ ^ + 5 % 
H O A ^ 42^ - 2 % 
H D A ^ ^ - 4 % 
2 DBS ^ ^ 0 % 
ATBC 9A ^ - 6 % 
3 D E H A 200 210 -5 % 
absolute average deviation 二 4 % 
D H A - Diheptyl adipate 
H O A - Heptyl octyl adipate 
H D A - Heptyl decyl adipate 
By comparing the amount of plasticisers extracted, it is clear that the chloroform 
extraction method was applicable to polypropylene, nylon, polyethylene terephthalate and 
polyvinyl chloride copolymer. For polyethylene and cellulose acetate, the original solvent 
reflux extraction methods are preferred. 
2.3.2 Survey of the level of plasticisers in food cntact materials 
Two hundred food contact materials for a great variety of food items were tested. 
Apart from packaging materials for food items, packaging materials such as cling film and 
plastic food bag were also included in the survey. The results were summarized as below. 
a. Packaging Material ( domestic use) 
Polymer Plasticisers Plasticisers Level 
Items Type Found mg/g mg/dm^ 
"Glad" wrap PE ： ： -
"Glad-Lock" zipper bag PE ： ： -
"Dow" Ziploc storage bag PE ： ： -
"Handi-Wrap" plastic film PE ： ： -
"No Frills" sandwich bag PE ： ： -
"No Frills" plastic bag PE ： ： -
"Pretty Poly" food bag PE - I - I -
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"Freeze Wrap" plastic film PE ： ： -
"ParkTSf" cling film ^ ： ： -
"ParkT^ J" plastic bag PE ： ： -
"Shin Etsu" plastic wrap PVC D H A 17 2.2 
. H O A 21 2.7 
H D A ^ 2.5 
• "Glad" microwave wrap PVC A T B C 37 6.8 
DBS 2.3 0.42 
"Dow" microwave wrap PVC A T B C 45 9.3 
“-“stands for plasticisers not detected 
b. Flour Confectionary Products 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found ng/g i^g/dm^  
"Garden" finger biscuit PP ： ： -
"Garden" walnut cake CA ： ： -
"Garden" peeled bread PP ： ： -
"Garden" raisin loaf PP ： ： -
"Garden" soft round roll PP DBP 100 34 
"Garden" English muffins PP DBP 200 70 
"Garden" cream wafer PP D B P 350 120 
"Garden" sandwich bread ^ - - -
"Garden" sandwich biscuit PET DBP 60 30 
"Garden" steamed cake PP ： ： -
"Garden" cream cream bun PP ： ： ~ 
"Garden" sweet round bun ‘ PP ： ： 一 
"Garden" buttermilk loaf PP ： ： -
"Garden" chiffon cake C A DBP 40 18 
"Denny's" peeled bread ^ ： ： -
"Denny's" ham onion bread PP ： ： -
"Denny's" coffee bread PE ： ： -
"Mivazaki"scroll milk bread PP D B P 340 124 
"Miyazaki" cheese stick PP D B P 260 90 
"Miyazaki" soft bread PP D B P 160 46 
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"Miyazaki" raisin roll PP DBP 220 80 
"Park'N" steamed bun PVC D E H A 1 7 % 31000 
"Park'N" mini bun PVC D H A 3.9% 6900 
H O A 3.7% 6500 
H D A 5.9 % 10400 
"Park'N" yam pudding PVC D E H A 20 % 43000 
"ParkTsfcoconut layer cake PVC D E H A 1 7 % 31000 
"No Frills"roasted pork bun PVC D E H A 1 8 % 42000 
"No Frills" egg custard roll PVC D E H A 1 9 % 49000 
"H.K. Biscuit" cracker ^ DBP 150 60 
"One-One" rice cake PP DBP 250 120 
"One-One" egg roll PP DBP 1000 400 
"Mei May See"oranRe cake PP DBP 290 100 
"Pacific" sesame soda PP ： ： -
"Pacific"orange flavor crisp • PP DBP 60 23 
"Mei Hong" Chinese cake PP DBP 270 100 
"Kjeldsen's" butter cookies PET ： ： -
"Miss Kate" zoo cracker PP DBP 160 80 
"Ritz" cheese cracker Nylon DBP 200 120 
"K.L.Hing" egg crisp cake PP DBP 160 60 
"Tai Pan"choco. marbo roll PET ： ： -
"China Town" rice ball PP - ^ - -
"H.K. Biscuit" lemon crisp PP ： ： -
"Dan Cake" strawberry bar PP DBP 630 290 
DEHP 3600 1640 
"Jacob" cream cracker PP DBP 1250 520 
DEHP 150 63 
"Amott's" cheese cracker PP DBP 142 60 
"TUC" bacon biscuit C A DBP 1170 900 
BBP 1230 940 
"No Frills" iced gem biscuit PP ： ： -
"McVitie's" cream biscuit PP DBP 3900 1300 
D E H P 630 210 
"Doll's" thread roll PVC Polymeric | - | -
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"Doll's" B B Q pork bun PVC D H A 4.1 % 7700 
H O A 3.9% 7400 
H D A 4.4 % 8400 
"Yamazaki" raisin cake PP DBP 260 90 
"Yamazaki" doughnut PVC ： ： -
"Pan Century" bowl cake PVC D E H A 7400 1640 
c. Candies & Chocolates 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found |ig/g i^g/dm^  
"Marks & Spencer" candy PP DBP 1500 970 
"Tongfa" marshmallow ^ ： ： -
"King's" peanut chocolate PP DBP 190 80 
"Eisbonn" Cola candy PVC D E H P 5.9% 12400 
"Queen" fruit jelly PP DBP 590 320 
"Poon San" fruit jelly PP ： ： -
"Kabaya" juice tablet PP ： ： -
"Trebor" tree drop PP ： ： -
"Trebor" coffee crunch C A DBP 1800 760 
"Kraft" marshmallows PE ： ： -
Dates Candy C A D E H P 230 100 
Strawberry jelly candy PET DBP 210 150 
"Kelly" bear gummi candy PP DBP 1280 610 
"Kellv" fish gummi candy PP DBP 1040 480 
"KeUv" Cola ^ m m i candy PP DBP 1100 470 
"TrolU" squiggle candy PP DBP 500 250 
"Henly" melon jeUy candy C A D B P 70 25 
"EIWA" jam marshmallow PP D B P 160 75 
"Chiclets" chewing gum C A DBP 210 110 
D C H P 310 160 
"Wah Yuen" walnut pastille PP DBP ^ 30 
"Senj akuame" sherbet candy PET ： ： -
"Dextro-Spot" blackcurrant C A D B P 5200 2300 
I I D C H P 6000 2600 
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"Dextro-Spot" lemon candy C A D B P 7200 3200 
D C H P 8420 3700 
"Mei Chie" sesame candy PP D B P 160 80 
"Ribon" melon candy C A A T B C 150 45 
"Ribon" lemon candy C A A T B C 180 65 
"Ribon" blue berry candy C A A T B C 120 35 
"Garden" melon bonbon ^ D B P 7800 3000 
BBP 5000 2000 
D E H P 2000 810 
D C H P 8500 3400 
"Garden"strawbeiTvbonbon C A D B P 11200 4600 
D C H P 13200 5400 
"Garden" lime bonbon C A D B P 9600 4100 
D C H P 11000 4700 
"Garden" orange bonbon C A D B P 7700 3100 
BBP 620 250 
D E H P 1260 500 
D C H P 9400 3800 
"Garden" chocolate finger _ _ C A D B P 7700 2800 
D C H P 14000 5200 
"Garden"double milk candy C A D B P 8600 3200 
BBP 5600 2050 
D C H P 9050 3300 
"Garden" hard circle candy PP ： ： -
"Pearl River Bridge" iellv C A D B P 72 22 
"Bonbon" glucose cany C A D B P 110 60 
"Fox's" mint candy C A D B P 110 50 
"Maltesers" chocolate PP D B P 410 250 
"Petit" marshmallow ^ ： ： -
"Mr. Nut" fruit candy PP - I - I -
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d. Drinks & Beverages 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found ng/g ^g/dm^ 
"Mr. Juicy" orange juice PET ： - -
"Coca Cola" coke PET ： ： -
"Bonaqua" mineral water PET ： - -
"San Benedetto" mineral PET - - -
sparkling water 
"Watson's" distilles water PET ： ： -
"Fantacy" health drink PP - I - | -
e. Meat Products 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found |ig/g )ig/dm^  
"DCH" garlic B B Q steak PVC D E H A 1 7 % 38000 
"DCH" chicken patties PVC D E H A 16 % 34000 
"DCH" B B Q pork PVC D H A 5.8 % 11300 
H O A 5.3 % 10400 
H D A 6.6 % 13000 
"DCH" roasted red sausage PVC D E H A 1 5 % 34000 
"DCH" B B Q steak PVC D H A 4.1 % 8500 
H O A . 3.9% 8100 
H D A 5.7 % 11800 
"DCH" sliced lamb PVC D E H A 1 9 % 46000 
"DCH" boneless pork chop PVC D E H A 1 6 % 39000 
"DCH" sliced steak PVC D E H A 1 6 % 39000 
"DCH"spiced chicken wing PVC D H A 4.6% 11200 
H O A 4.4 % 10700 
H D A 5.5 % 13000 
"DCH" rib in honey sauce PVC D E H A 1 9 % 35000 
"DCH" chicken wing PE ： ： -
"Park'N" minced beef PVC Polymeric - -
"Park'N" red sausage PVC Polymeric - -
"ParkTSf" fresh beef PVC Polymeric | - 丨 -
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"ParkT^" chicken thigh PVC Polymeric - -
" P a r W chicken fillet PVC Polymeric - -
"Park'N" beef tendon ball PVC Polymeric - -
"Park'N" smoked back ham Nylon ： ： -
"ParkTSr" Canadian Bacon Nylon DBP 80 60 
"MarutamaSuisan"crabstick PE ： ： -
"Nissui" crab fillet ^ ： ： -
"Yamahon" chikuwa PP DBP 130 50 
"KondonMama" chikuwa PP D B P 160 60 
"Mamzen" fish sausage PVC D B S 2.1% 17000 
A T B C 1.1 % 8900 
"Maruzen"garlicfishsausage PVC D B S 2.5 % 20000 
A T B C 1.2% 9700 
"Evergreen" ham sausage PVC D B S 2.1 % 21600 
A T B C 1.5% 12000 
"Great Wall" ham sausage PVC D B S 2.9 % 21500 
A T B C 0.75% 5600 
"Tsing Tao" pork chop PE ： ： 
"CRC" beef ball PVC Polymeric - -
"Doll's" shaomai dim sum PVC D H A 4.2 % 7700 
“ H O A 4.0 % 7500 
“ H D A 4.4 % 8500 
"Doll's" beef dumpling — PVC D H A 4.0% 7500 
H O A 3.8% 7300 
一 H D A 4.5 % 8500 
"Maid" ham slices Nylon DBP ^ 120 
Japan imitation scallop Nylon D B P 210 200 
"Dango" chicken frank Nylon D B P 130 100 
"Country" chicken frank Nylon D B P 120 
"Sun-Land" chicken frank Nylon D B P 170 140 
"Rockingham"chickenfrank Nylon DBP 130 70 
"Shorgood" chicken frank Nylon ： ： -
"Emborg" chicken frank Nylon D B P 76 
"Valley Chef'chicken frank Nylon | - I - I -
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"Doux" chicken Frank Nylon D B P 240 130 
"EatweU" fish ball Nylon ： ： -
"Corcovado"frozen chicken PE D B P 270 120 
"Bright" pork loin chop Nylon D B P 1160 620 
"Armour" pork patties Nylon D B P U O 90 
"Regal" smoked salmon PE D E H P 420 40 
“Polymeric “ - an adipate based polymeric plasticisers 
f. Dairy Products 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found ^g/g ^xg/dm^ 
"Anchor" cheddar cheese PET D B P 70 15 
"Chesdale" cheddar cheese PET D B P 75 15 
"Chesdale" low fat cheese PET D B P m 20 
"Park'N" Cheddar cheese PET D B P 65 15 
"Dairy Farm" fresh milk H D P E ： ： -
"Dutch Lady"sterilized milk LDPE ： ： -
"Mountain Cream" zebra PP D B P 490 200 
ice cream bar D E H A 420 170 
"Mars" ice cream snack PP D B P 1440 580 
D E H P 740 300 
g. Noodles 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found ng/g ^g/dm^ 
"Spigadoro" spaghetti PP D B P 960 540 
"Ferrara" spaghetti PP D B P 340 190 
"Doll" instant noodle ^ ： ： -
"Nissin" instant noodle PP D B P 240 90 
A T B C 3400 1300 
"Better One" yu-yung ^ ： ： -
"Better One" yeung chung PP ： ： -
"Shin Mi" Japanese Udon Nylon D B P 140 150 
^ ^ n g I" instant noodle ^ D B P 410 160 
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"Lung Kow" vermicelli PP ： ： -
"Vetta" small elbows PP ： ： -
"Vetta" novetly pasta PP - I - I -
h. Miscellaneous 
Polymer Plasticisers Plasticisers Level 
Food Items Type Found \ig/g ng/dm^ 
"Best Food" salad dressing PE ： ： -
"Hccolibo" cup jelly PE ： ： -
"PakFook"beancurd dessert PET ： ： -
PP(tray) ： - -
"Pak Fook"red bean dessert PET ： ： -
PP(tray) ： - -
"Mountain Mist" mixed PE - - -
vegetables 
"Yaohan" Japanese snack PP DBP 220 80 
"Park'N" peanut butter PET ： : -
"Dairy Farm" choco. frozen PP DBP 200 80 
confection 
"Sunny Shore" lettuce PE DBP 90 20 
"Foxy" lettuce . PE DBP 150 40 
Lady Bird" dried seasoned PP DBP ^ 200 70 
cuttle fish 
"Siine.rpv" herb food conc. PP DBP 120 60 
"Square Fruit" jelly P ^ ： ： 
"Robertson's" jelly powder ^ g ： ： -
"KF" seasoned seaweed PP DEHP 950 460 
"ParkTsf" granulated sugar PE DBP 140 130 
"Park'N" prune CA ： ： -
"QC" table salt PE DBP 240 230 
"Freshco" dried mango PP DBP 240 160 
"Kui Fung" liquorice lemon PP DBP 290 220 
"Kui Fung Hong" plum PP DBP 150 180 
”CRC" fresh lemon P V C Polymeric I - | -
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In the survey, four more types of plasticisers were found and identified by the GCMS. 
They were the 
i. D H A - di-heptyl adipate 
ii. H O A - heptyl-octyl adipate 
iii. H D A - heptyl-decyl adipate 
iv. Polymeric - an adipate based polymeric plasticiser 
2.4 Conclusion 
A survey of the level of plasticisers in packaging materials for various types of 
foods available in the local market had been conducted. There were a total of 200 samples 
were examined, and 69 of these were found to contain traces of plasticisers with 
concentrations less than 500 |ig/g and 40 of them were found to contain high level of 
plasticisers with concentration in the range from 500 ng/g upto percentage level. 
Moreover, 9 samples were found containing polymeric type plasticisers. 
Normally, plasticisers have to be added at a high level (thousands ng/g to percentage 
level) in order to achieve the plasticising effect in polymer. Those packaging materials 
which were found containing trace amount of plasticisers might be due to contamination 
from raw materials or the material had been deliberately blended with small amount of 
other polymeric material which contain high level of plasticisers. 
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CHAPTER 3 
SURVEY OF PLASTICISER LEVEL IN FOODSTUFF 
3.1 Introduction 
In the previous chapter, a survey of the plasticisers level in food contact materials 
for food items available in Hong Kong had been reported. Among the 200 samples, 69 of 
them were found to cotitain trace level of plasticisers while 40 of them to contain high 
level of plasticisers. Most of these packaging materials were used for fatty foods or foods 
having high sugar content. 
Recently, contamination in foods due to migration of plasticisers from the 
packaging materials into the foods had been reported in the literature [10,18]. However, 
no result concerning the migration problem of plasticisers in foodstuffs in Hong Kong 
have been published. No one knows the degree of severity of the problem. 
In this study, a survey of the plasticisers level in food items available in Hong 
Kong was conducted. Basically, this survey would ensue the previous survey of 
plasticisers level in packaging materials for food items available in the local market. 
Most plasticisers are lipid-soluble and therefore analytical schemes normally 
involves initial fat extraction from the food and then a clean up procedure to separate the 
plasticisers from fat. In this study, gel permeation chromatography ( size exclusion 
chromatogaphy，SEC ) was employed to separate higher molecular weight lipids from the 
lower molecular weight plasticisers. 
The analysis of the cleaned-up extract was done by capillary gas chromatography 
with a mass spectrometry detector. The use of G C M S has the additional advantage that 
stable isotope-labelled internal standards can be employed, and the assay becomes one of 
isotope dilution. In this study, various stable isotope-labelled phthalates and adipates were 
employed as the internal standards ( synthesized from the d^ -phthalic acid and d^ -adipic 
acid )• For plasticisers which can not be quantified by isotope dilution technique, 




3.2.1 Instrumentation and Apparatus 
A GPC column, 50 cm long with 2.5 cm i.d., packed with 40 cm height of 
Biobeads SX3 at 200-400 meshes (Bio-Rad, Watford,UK) was used for the clean-up of 
food extract prior to determination. 
The extract was analysed with a Varian 3400 gas chromatograph with a low 
background DB-5 capillary column, 30m x 0.23 m m i.d. (J & W Scientific, USA). The 
oven temperature was set at 100®C for 5 min, then increased to 300。C at a rate 15。C/min. 
and held for 10 min. Helium was used as the carrier gas with column head pressure set at 
9 psi. The gas chromatograph was equipped with an ion trap mass spectrometry detector 
with the Finnigan Magnum G C M S System ( Finnigan MAT, San Jose, California ). The 
ionization voltage was set at 1500 volts and filament emission current at 10 ^ A.. The 
manifold temperature was 220°C and the detection mass range was 50 - 350 a.m.u. 
All glassware had to be rinse throughoutly twice by distilled dichloromethane before use in 
order to avoid cross contamination. 
3.2.2 Reagents and Materials 
The plasticiser standards were obtained from JCI Chemical Co. (Tokyo Kasei). 
Solvents used in the extraction were all of analytical grade. The solvents were distilled and 
tested plasticisers-free before use. Food samples for the survey of plasticisers in the food 
stuffs were bought from supermarkets. [2,2,5,5-04] adipic acid and [3，4,5，6-DJ phthalic 
acid for the synthesis of deuterated internal standards were obtained from C/D/N Isptopes 
Inc. (Quebec, Canada). 
Stock and standard solution for each placticiser were prepared as described under 
Section 2.2.2 .Deuterated internal standards, for isotope dilution technique, were synthesis 
in the laboratory according to the following procedure. 
For symmetic phthalates or adipate, 0.1 gm of [2,2,5,S-DJ adipic acid (or 
[3,4,5,6-04] phthalic acid) was mixed with 5 ml of the corresponding alcohol and 1 ml of 
boron trifluoride etherate (in toluene) in a 100-ml round bottom flask. The mixture were 
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refluxed for 1 hour. After the addition of water, the product was extracted into 60 ml ethyl 
acetate, washed with water and dried with anhydrous sodium sulphate. The final ethyl 
acetate extract was then diluted 100 fold and the final concentration of product was 
quantified by capillary gas chromatography. 
For unsymmetric phthalate such as benzyl butyl phthalate, the D^ -phthalic acid was 
first mixed with 5 ml of benzyl alcohol and 1 ml of boron trifluoride etherate and the 
mixture were allowed to stand for awhile. Then 1 ml of n-butyl alcohol was added and the 
whole mixture refluxed for 1 hour. By doing so, the chance for the bulky benzyl alcohol 
molecules to react with the phthalic acid molecules would be increased leading to an 
increase in the yield of benzyl butyl phthalate. The extraction and clean-up procedure were 
the same as described before. 
3.3 Method Development 
3.3.1 Extraction 
a. Non-fattv Food 
This category included sweet, candies, preserved fruits, beverages and jelly. About 30 gm 
homogenized sample was weighed accurately and added to a 250-ml conical flask. The 
surface area contacted with the wrapping film corresponding to the sample taken was 
estimated. Based on the plasticisers identified in the wrapping film, appropriate 
isotopically labelled internal standard or standards were then added to the sample. Any 
residue of sweet or candies sticked on the wrapping film was dissolved and washed into 
the conical flask by 50 ml of water. The sample mixture was then shaken with 20 ml of a 
mixture of cyclohexane dichloromethane (1:1) for 60 min with an automatic shaker 
operated at 150 rev./min. The extract was ready for GC/MS determination after dried by 
anhydrous sodium sulphate. 
b. Fatty Food 
This category included meat, meat products, cheese, chocolate and confectionary 
products. The surface area contacted with the wrapping film corresponding to the sample 
taken was estimated. About 30 gm of the homogenized and weighed sample was added to 
a 250-ml conical flask. Based on the plasticisers identified in the wrapping material, 
appropriate isotopically internal standard or standards were added to the sample, and 100 
ml of acetone : hexane (1:1) was added to the sample. The sample mixture was then 
shaked for 60 min by an automatic shaker operated at 150 rev./min. 10 ml solvent extract 
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was taken and dried by anhydrous sodium sulphate. The solvent was removed by heating 
gently on a hot-plate and the residue was redissolved into 2 ml dichloromethane : 
cyclohexane (1:1) followed by gel permeation chromatography clean-up procedure. The 
first 90 ml of the eluent were dicarded and the following 60 ml eluent collected. The 
eluent was dried down to 2 ml by heating gently on a hot-plate and was then ready for 
GC/MS determination. 
For plasticisers which cannot be quantified by isotope dilution technique, di-
isobutyl phthalate (DIBP) would be used as the internal standard. 
3.3.2 Clean-up 
Comparing to the determination of plasticisers level in food contact materials, the 
determination of plasticisers level in food is much more complicated. This is because 
additional steps have to be involved to remove any food matrix before the determination 
of the analyte. Moreover, the larger sample size (10 - 30 gm) required would enhance the 
martix interference problem, and the main concerned food matrix would be the lipid 
present in the meat products, confectionary products. However, for non-fatty foods, the 
plasticisers level was determined directly after extraction and no clean-up procedure was 
needed. 
In the present study, a clean-up procedure employing gel permeation 
chromatography technique was included prior to the determination procedure of fat-
containing samples. Such a technique is appropriate for the separation of higher molecular 
weight lipids from the lower molecular weight lipid soluble plasticisers [19]. The principle 
of gel permeation chromatograph is outlined below. 
Gel permeation chromatography (GPC) is a form of chromatography where .-
solutes are separated solely upon the basis of difference in molecules size. It employs 
various range of column packings with solvents chosen to introduce sorption, partition, 
hydrogen bonding and other effects into the separation in order to influence selectivity. 
The polymeric based packings for GPC consists of discrete particles (usually 
spherical) of a gel matrix which contains a large volume of solvent held in pores or 
contained within spaces between the polymer chains. 
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When a mixture of molecules ( solvent and solutes) is applied to the top of the gel 
bed, the solutes are initially wholly inside the interstitial liquid. Diffusion of the solutes 
then occurs and either kind of molecule will eventually approach the entrance to a pore of 
the gel bead. The larger molecules will not be physically able to enter a pore. Thus, they 
are excluded on the basis of size. The smaller molecules may enter the pore and are being 
removed from the stream of solvent which is flowing past the gel bead. 
The diffusion process continues within the stagnant solvent in the pore and the 
smaller solute molecule will eventually re-emerge to enter the moving component of the 
eluent and continue down the column. The net effect is that the larger molecule elutes 
from the column first. 
Apart from the size exclusion action mentioned above, adsorption and other 
partition effect would be involved in the gel permeation chromatography. Each of these 
effect would attain an equilibrium state which can be described by a distribution coefficient 
concerning about the quantity of the solutes [20]. 
As a summary, the elution volume ( V J of the solute can be expressed by the 
following equation 
where V。= volume of solvent in the interstitual spaces between gel beads 
Vj = volume of solvent contained within the pores of gel beads 
Kj. = overall distribution coefficient 
a. Optimisation 
A rational choice of the chromatographic system likely to give the required 
separation can be made following a consideration of the molecular sizes of the analytes 
and the potential interferents and also of the probable interactions in a given gel-eluent-
analyte combination. It will then be necessary to establish optium operating conditions and 
elution profile to achieve the required resolution. 
The optimum GPC operating conditions for the separation of lipids from the 
phthalate esters from food extracts have been reported in the literature [21,22] and are 
listed below. 
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GPC Column• : 50 cm long x 2.5 cm i.d. glass column 
Bead Type : Biobeads S - X3, 200 - 400 meshes ( Bio-Rad, Watford, U.K.) 
Solvent System : Dichloromethane : Cyclohexane (1:1) 
Flow rate : 1.6 ml/ min 
Injection volume : 0.5 - 2.0 ml (depending on the amount of analyte and lipid present) 
An elution profile is essential to determine which portion of the eluent should be 
discarded and which should be collected for further analysis. The elution profile was 
determined by the following procedure. 
One ml of mixed plasticisers standard ( concentration range : 10 ppm ) was mixed 
with 0.15 gm of edible oil. The mixture was then transferred to the GPC column ( with 45 
cm-bed gel beads )and the eluent was collected simultaneously from the outlet of the 
column. After the first 75 ml eluent had been collected, every 10 ml of eluent was then 
collected consecutively in separate weighed beakers. The collection was stopped after a 
total 180 ml of eluent had been collected. The eluent collected were dried up slowly on a 
warm hot-plate and the beakers were then weighed. Two ml of dichloromethane : 
cyclohexane (1:1) was added to the beaker to dissolve，if any, the plasticisers present. 
The amount of plasticisers collected in each portion of eluent was then determinated by 
capillary column gas chromatography with a flame ionization detector. The amount of 
edible oil collected in each portion of eluent was determinated by any increase in weight of 
the beaker after the solvent of eluent had been removed. A typical elution profile is shown 
in Figure 3.1. The above procedure was repeated for another GPC column with 40 cm-bed 
• gel beads. 
b. Column Recovery 
A recovery test was conducted to test the validity of the established optimised 
operation procedure for the separation of plasticisers from fats in the extract. 
One ml mixed plasticisers standard was transferred to the column. The first 90 ml 
eluent were discarded and the next 60 ml eluent collected. The eluent collected was then 
dried down to 2 ml on a hot-plate and the amount of plasticisers present was then 
determinated by capillary column gas chromatography. The recovery of each plasticiser 
was determined by the percentage of plasticisers recovered after the G P C clean-up. 
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Figure 3.1 The G P C Elution Profile for Plasticisers 
3.3.3 Quantitation 
Although the food matrix (mainly fats or lipids) could be mostly removed by gel 
permeation chromatography, interference peaks were still detected in the analysis of the 
food extract by capillary column gas chromatography with flame ionization detector. A 
pair of large interference peaks ( next to the peaks of DBP and DBS ) were frequently 
found in the chromatograms from meat products and cooked food [Figure 3.2]. The 
following two capillary column gas chromatographic systems had been tried but failed to 
solve the problem. 
(i) HP-17, 15 m x 0.53 m m i.d. 
(ii) dual column system consisting of HP-17 ( 15 m x 0.53 m m i.d. ) and HP-1 
(5 m x 0.53 m m i.d.) 
To solve this problem, gas chromatography with mass spectrometry detector 
seemed to be the promising choice. With a mass spectrometry detector, any overlapping 
peaks can be resolved by their mass difference and identified by their charactcrisitc mass 
spectrum. Unfortunately, quantitation of analyte by mass spectrometry is not straight-
forward because mass spectrometric measurements are not exactly reproducible. The 
response to a sample at the detector depends on several parameters that are difficult or 
impossible to control, including the condition, temperature and pressure of the ion source 
and the condition of the detector. Also, it is important to recognize that the equimolar 
amounts of different compounds do not give an equal response because the proportion of 
the total number of molecules which are ionized (the ionization efficiency ) depends on 
molecular structure and vapour pressure [23]. ^ 
To achieve quantification by the mass spectrometry detector, two different 
approaches, namely the stable isotope dilution technique and ion-trap mass detector 
technique ( Finnigan M A T )，were engaged in the study. 
a. Isotope Dilution Technique 
This is a kind of labelling technique where an isotopically labelled internal standard 
acts like a homologue which does not provide a mass peak in common with the substance 
to be quantified. In the study, deuterated internal standards for corresponding phthalates 
or adipates were synthesisd from [2，2’5,5-D4] adipic acid and [3,4,5,6-04] phthalic acid. 
Accurately weighted appropriate stable isotopes acted as internal standards were added to 
the homogenized sample prior to the extraction procedure. The amount of plasticisers 
present was quantitified on the basis of peak area ratio calibration curves for the plasticiser 
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Figure 3.2 Gas Chromatogram of a Cooked Meat Product by GC-FID 
standard against the corresponding deuterated standards at known ratio [24]. To illustrate 
the principle, selected ion monitoring traces for m/z 149 (phthalates) and m/z 153 (D4-
phthalates) for calibration standard are shown in Figure 3.3 while the typical electron 
ionization spectra of phthalate and D^-phthalate ,take D E H P as the example, are shown in 
Figure 3.4. 
Generally, isotopically labelled analogues are useful as internal standards because 
they are practically identical in chemical and physical properties to the respective 
unlabelled analytes whilst being readily distingusihable by mass spectrometry because of 
their mass difference. Thus, stable isotope internal standard can be used to compensate for 
losses throughout the procedure, enable quantitative results to be reported without the 
need to correct for recovery or the need to check constantly the repeatability of the 
extraction and clean-up procedure. This was particularly valuable in the ability of the 
method to tolerate comparartively low recoveries and avoided the problems of lipid 
interferences, and in the ability to handle a diversity of food types, without the need in 
each instance to generate recovery data by spiking. 
b. Ion Trap Mass Detector 
Apart from phthalates and adipates, other types of plasticisers such as sebacates 
(DBS); phosphates (DPOP) and citrates (ATBC) were also needed to be determinated in 
some food items. However, stable isotopically labelled analogues for these types of 
plasticisers are not available. Thus they have to be quantified with the help of a new mass 
detector, the ion trap mass detector. In 1983，the first commerical version of the 
quadrupole ion store, the ion trap detector, was presented at the Pittsburgh Conference on 
Analytical Chemistry, Atlantic City, by Finnigan M A T Corporation of San Jose, California 
[25]. During the same year, a publication described the application of new ion trap 
technology as an economical detector for gas chromatography [26]. With some special 
design and features, the ion trap detector do have a much improved reproducibility and 
linearity range compared to conventional quadrupole mass spectrometry detector. 
i. Structure and Mode of Operation 
The ion trap detector (ITD ) is shown schematically in Figure 5.5Jhe electrode 
assembly consisting of a ring electrode and two end-cap electrodes. An RF potential may 
be applied to the ring electrode while end-cap electrode are grounded. The upper end-cap 
electrode has a small perforation through which the gated electron beam passes. The 
electron gun, consisting of filament and gating lens, is shown above the upper end-cap 
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Figure 3.5 Schematic Diagram of the Ion Trap Detector 
electrode. The lower end-cap electrode is shown to have several perforations, through 
which ions are ejected onto the electron multiplier. Ion signals are amplified and stored. A 
microcomputer provides instrument control and data acquisition. 
The type of trajectory which an ion has in the field of a three-dimensional 
quadrupole ion trap depends upon the specific mass of the ion, m/z, and the applied field 
parameters. These parameters can be combined in a way such that a given particle would 
have a stable trajectory in the defined field. An ion having a stable trajectory is constrained 
to a periodic orbit about the centre of the three - dimensional field. These ions can be 
thought of as being trapped by the field. 
In general terms the operation is as follows : D C and RF voltages are applied to 
the three-dimensional quadrupole electrode structure such that the ions over the entire m/z 
range of interest can be trapped within the field imposed by the electrodes. Ions are 
created in, or introduced into, the quadrupole field. After this storage period, the D C 
voltage, the RF voltage, and the RF frequency are changed, either in combination or 
singly, so that trapped ions of consecutive values of m/z become successively unstable. As 
each trapped ionic species (m/z) becomes unstable, all such ions develop trajectories that 
exceed the boundaries of the trapping field through perforations in the field-imposing 
electrode structure and impinge on a detector, such as an electron multiplier. The detected 
ion current signal intensity, as a function of time, corresponds to a mass spectrum of the 
ions that were trapped initially. 
In short, the simplicity, speed, and resolution of this mass-selective instability 
technique coupled with the structural simplicity of the quadrupole ion store permit the 
application of mass spectrometric over an extraordinarily wide range of fields [26]. 
ii. Special Features 
The accumulation of similarly charged particles in any device give rise to space 
charge which lead ultimately to perturbation of the properties of the charged particle 
ensemble. In analytical instruments the effects of space charge lead to saturation of 
detector response as ion-ion repulsion becomes significant. This effect is manifested by 
loss of mass resolution and the on/set of ion/molecule reactions (due to high concentration 
of ions), which leads to degradation of mass spectral quality. The automatic gain control 
feature of the ion trap detector seeks both to limit the number of ions formed from high 
levels of analyte and to maximize sensitivity at low analyte levels. 
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With this special feature, the total flux of ionizing electrons are adjusted according 
to the product of sample concentration and ionization efficiency. Feedback of the 
magnitude of this product to the gating controller of the ionizing electron beam is 
accomplished with an automatic gain control ( A G C ). This new scan function which has 
been developed by Finnigan M A T for ion trap instruments under computer control, allows 
a brief ionization pulse of about 200 ^ is after which the intensity of fragment ions up to 
those m/z 45 is measured. The total ion intensity is assessed by the computer, which then 
determines from an algorithm in the software an appropriate duration for the second 
ionization pulse so as to maximize sensitivity at a minimum acceptable level of space-
charge perturbation. The operation was summarized in the Figure3.6[27]. 
Based on the special design and features of the ion trap mass detector [28], the 
sensitivity as well as the precision for the determination of plasticiser using internal 
standard addition method had been improved greatly. Thus the ion trap mass detector 
became 3r,other choice other than the isotopes dilution technique for the determination of 
plasticiseres level. 
3.3.4 Precision Test 
a. Isotopes Dilution Technique 
One ml of mixed plasticisers standard was added to 1ml of mixed D^-plasticisers 
standard. The mixture were injected 10 times consecutively to the G C M S system. The 
area ratio of base peak between individual standards (m/z for phthalate ； m/z 129 for 
adipate) and D4 internal standards (m/z 153 for phthalate; m/z 133 for adipate) were 
recorded. The relative standard deviation were calculated for each plasticiser standard. 
The results are summarized in Table 3.1. 
Table 3.1 Precision data for isotopes dilution technique 
Plasticisers Concentration ( ppm) Rel. Standard 
Plasticiser Testing Standard D4 internal Standard Deviation (%) 
DBP U 2 ^ 1^ 7 
BBP U J 2.4 
DEHP ^ ^ ^ 
D C H P 10^ ^ 
D E H A 11.2 17.6 3 . 4 
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Figure 3.6 Operation of the Ion Trap with Automatic Gain Control 
b. Ion Trap Mass Detector 
A mixed plasticisers standard (about 10 ppm each) were injected 10 times 
consecutively into the G C M S system with a ion trap mass detector. The area ratio of base 
peak (m/z 149 for phthalate and m/z 129 for adipate) between internal standard (DIBP) 
and individual standards were recorded. The relative standard deviation were calculated 
for each plasticiser standard. The results are summarized in Table 3.2. 
Table 3.2 Precision data for ion trap mass detector 
Standard Conc. Rel. Standard 
Plasticiser (ppm) Deviation ( % ) 
PEP 12^ 13 
D B P 1JL2 
BBP 5.8 
DEIIP ^ ^ 
D C H P ^ 
DEBA I M ^ 
A T B C lOJ 4A 
D E H A \L2 ^ 
D B S n ^ 3J 
D O S IhO 12 
D O A Z rL8 ^ 
D P O P 10.3 r 6.7 
The average relative standard deviation was found as 4.4 % which manifested a great 
improvement as the value of 16 % had been reported previously where a conventional -
quadrupole mass spectrometer was employed for the determination of plasticisers [15]. 
3.3.5 Calibration Curves 
a. Isotope Dilution Technique 
The area ratio of m/z 129 to m/z 133 (D4 internal standard) against a range of 
concentration of some selected adipate standards were recorded. For some selected 
phthalate standards, the area ratio of m/z 149 to m/z 153 (D4 internal standard) against a 
wide range of concentration were also recorded. The slope and coefficient of correlation 
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for each plasticisers are summarized in Table 3.3 and the data for the respective calibration 
curves are shown in appendix 1. 
Table 3.3 Calibration for plasticiser standards by isotope dilution technique 
Plasticiser Concentration Range Slope Correlation 
(ppm) (ppm / unit ratio) Coefficient 
D B P 1.15 - 172 ^ 0.9996 
BBP 1.00 - 149 U J 0.9998 
D E H P 1.03 - 155 ^ 0.9998 
D C H P 1.15 - 173 0.9998 
D E H A 1.05 - 157 ^ 0.9990 
D H A 4.56 - 460 ^ 0.9999 
H O A 1.70 - 427 19.1 0.9996 
H D A 1.70 - 425 25.1 0.9999 
It is cleared that the isotopes dilution technique can provide a linear correlation 
between the peak area ratio to the concentration of plasticiser over a very wide range of 
concentration ranging of 1 ppm to 400 ppm. 
b. Ion Trap Mass Detector 
Area ratio of m/z 149 ( for phthalate) or m/z 129 ( for adipate ) or m/z 185 ( for 
D B S and A T B C ) or m/z 251 (for D P O P ) or m/z 171 ( for D O A Z ) to m/z 149 of 
internal standard (DIBP) over a range of concentration for a mixed standards were 
recorded. The slope and coefficient of correlation for each plasticisers are summarized in 
Table 3.4 and the data for the respective calibration curves are shown in Appendix II-l . 
Table 3.4 Calibration for plasticiser standards by ion trap mass detector 
Plasticiser Concentration Range Slope Correlation 
(ppm) (ppm / unit ratio) • Coefficient 
P E P .005 - 25 14.0 — 0.9994 — 
D B P .005 - 25 9.4 0.9984 
BBP .002 - 25 24.2 — 0.9996 — 
D E H P .002 - 25 15.1 — O.9999 — 
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DCHP .002 - 25 0.9999 
DPOP .002 - 25 0.9997 
DBS .002 - 25 ^ 0.9998 
D O S .002 - 25 U 3 0.9992 
D E H A .002 - 25 0.9998 
D B A .002 - 25 ^ 0.9994 
ATBC .002 - 25 0.9999 
D O A Z .005 - 25 14.5 0.9998 — 
Although the linear range for the determination of plasticisers by ion trap detector 
were smaller than that by the isotope dilution technique, ion trap detector can also provide 
results with good linearity at much lower plasticisers levels. 
3.3.6 Detection Limit 
The detection limit was calculated as the dividend of the least detectable amount 
by the sample weight. The least detectable amount for each plasticiser by the above 
methods can be obtained from the concentration value corresponding to null peak area 
ratio in each calibration curve. The least detectable amount as well as the detection limit 
for each plasticisers were calculated and summarized in Tables 3.5a and 3.5b. 
Table 3.5a Detection limit for isotope dilution technique 
Plasticiers Least Detectable Amt. Detection Limit 
: (^ g^) . (^g/g) 
DBP 0.40 
BBP q ^ 0.13 
DEHP 0.18 
DCHP 0.05 
D E H A 0.50 
D H A O M 0.29 
H O A q ^ 0.14 
H D A 0.15 0.05 
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Table 3.5b Detection limit for ion trap mass detector 
Plasticiers Least Detectable Amt. Detection Limit 
(HB) ( _ ) 
PEP 0.03 
DBP q ^ 0.01 
BBP 0.07 
DEHP y 2 0.04 
DCHP q ^ 0.01 
DPOP 0.02 
DIBA 0.03 
D E H A qj2 0.04 
DBS q ^ 0.02 
D O S 0J7 0.06 
ATBC 0.02 
D O A Z 0.02 
3.3.7 Recovery Studies 
One ml mixed plasticisers standard ( about 10 ppm each) was spiked into different 
types of foods including jelly candy, bread, bacon, biscuit and cheese.The extraction 
solvent as well as appropriate internal standard were then added. The amount of 
plasticisers recovered after the extraction and clean-up procedure, if any,were determined 
by the two different techiques. The results are summarized in Tables 3.6a and 3.6b. 
Table 3.6a Recovery data for isotope dilution technique 
Recovery ( % ) 
Plasticiser Jelly Bacon Cheese Bread Biscuit 
DBP 102.0 99.1 94.6 101.6 78.5 
BBP 101.6 102.4 99.8 104.5 96.1 
DEHP 99.6 96.9 102.2 99.8 93.5 
D C H P 102.1 97.7 103.8 98.3 98.3 
D E H A 99.8 103.9 99.7 99.1 99.1 
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Table 3.6b Recovery data for ion trap mass detector 
Recovery ( % ) 
Plasticiser Jelly Bacon Cheese Bread Biscuit 
D B P 95.5 104.5 93.8 101.0 97.4 
BBP 95.4 96.5 98.6 89.3 94.6 
D E H P 97.0 95.0 98.8 81.8 98.3 
D C H P 94.6 101.8 96.9 84.0 97.3 
D E H A 106.3 100.2 102.3 86.7 95.6 
D B S 100.0 104.9 101.1 97.Q 99.1 
A T B C 94.2 101.8 100.3 88.5 96.7 
D O A Z 99.1 92.7 95.9 76.6 90.2 
D P O P 93.2 104.9 105.2 98.7 100.9 
3.4 Results and Discussion 
‘ The extraction and clean-up procedure for the two different determination 
methods were established. The validity had been checked by precision, linearity and 
recovery tests.For phthalates and adipates, the isotope dilution technique would be 
perferred while the ion trap mass detector would be employed for the determination of 
other types of plasticisers. 
Seventy-two foods items selected from the list foods items were selected from the -
list for the previous survey of plasticisers level in packaging materials. Those selected 
foods items were all found having direct contact with packaging materials in which 
plasticisers had been detected. A survey of the plasticisers level in these selected food 
items was thus conducted. As the contact surface would be the prime factor affecting the 
amount of migration of plasticisers from the packaging into the food, the results were 
expressed in fig/dm^ instead of \ig/g. The plasticisers level in respective packaging 
material were also listed for reference. The reults are summarized in the Tables 6a and 6b. 
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a. Flour Confectionary 
Polymer Plasticisers Plasticiser Level (^g/dm^) 
Food Items Type Found Packaging Foodstuff 
"McVitie's" cream biscuit PP DBP 180 
D E H P ^ 34 
"TUC" bacon biscuit C A DBP 900 180 
^ ^ 55 
D C H P ^ 100 
"Ritz" cheese cracker Nylon DBP 120 1.6 
"Miss Kate" zoo biscuit PP DBP is 
"Dan Cake" strawberry bar PP D B P ^ 160 
D E H P ^ 140 
"Jacob" cream cracker ^ DBP 51 
D E H P 6 3 _ 26 
"Garden" chiffon cake C A DBP 18 -
"Garden" sandwich biscuit PET DBP 31 2.6 
"Park'N"coconut layer PVC D E H A 30700 5840 
cakeF 
"Park'N" steamed hun^ PVC D E H A 30700 1600 
"Park'N" yam puddingF PVC D E H A 43600 10300 
"Park^N"mim steamed bun^ PVC D H A 6 9 ^ 540 
H O A . 6500 580 
H P A 10400 520 
"No Fiill"roasted pork bun^ PVC D E H A 42000 17000 
"No Frill" egg custard rollF PVC D E H A 49300 1100 
"Amott's" cheese cracker PP DBP 61 15 
"Pacific"orange flavor crisp PP D B P ^ I.4 
"One One" rice cake PP D B P 150 
"Doll's" B B Q pork bun^ PVC D H A 7700 58 
H O A 7500 33 
H D A 8400 23 
F - samples stored at 4®C throughout the storage period 
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b. Candies and Chocolates 
Polymer Plasticisers Plasticiser Level (^g/dm^) 
Food Items Type Found Packaging Foodstuff 
"Trebor" coffee crunch C A DBP 74 
Strawberry jelly candy PET DBP ^ 1.6 
"Kelly" bear fflimmi candy PP DBP ^ 600 
"Kelly" fish gummi candy PP DBP 480 190 
"Kelly" Cola Rummi candy PP DBP ^ 430 
"Trolli" squiggles candy PP DBP ^ 140 
"Wah Yuen" dates pastille PP DBP 30 l.l 
"Dextro-Spot" lemon candy C A DBP 3200 210 
D C H P 3700 150 
"Dextro-Spot" blackcurrant C A DBP 2300 140 
D C H P 2600 150 
"Garden" double milk C A DBP 3200 230 
BBP ^ 110 
D C H P 3300 260 
"Garden" melon bonbon C A DBP ^ 71 
BBP ^ 35 
D E H P ^ 10 
D C H P , 3400 76 
"Garden"strawberrybonbon C A DBP 90 
D C H P 97 
"Garden" lime bonbon C A DBP 4 1 ^ 120 
D C H P 4700 120 
"Garden" orange bonbon C A DBP 3 m 220 
BBP ^ 5.0 
D E H P 500 27 
； D C H P 3800 250 
"Garden" chocolate finger C A DBP 1150 
D C H P 5160 1010 
"Mei Chie" sesame candy PP D B P ^ n 
I D C H P I 30 I 16 
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"Ribon" melon candy CA A T B C 44 3.0 
"Ribon" lemon candy C A A T B C 62 5.2 
"Ribon" blue berry candy C A A T B C 35 1.2 
"Henly's" melon jelly candy C A DBP 25 1.0 
"EIWA" jam marshallow ^ D B P 75 4.6 
"Chiclets" chewing gum ^ D B P H Q 2.8 
Dates candy C A D E H P 100 5.3 
"Pearl River Bridge" jelly C A DBP ^ 8.4 
"Bonbons" glucose candy C A D B P 60 0.4 
"Fox's" mint candy C A D B P 50 1.2 
"Maltesers" chocolate PP D B P 250 39 
c. Meat and Meat products 
Polymer Plasticisers Plasticiser Level (^g/dm^) 
Food Items Type Found Packaging Foodstuff 
"DCH" garlic B B Q steak* PVC D E H A 38000 790 
"DCH" chicken patties* PVC D E H A 34000 2300 — 
"DCH" B B Q pork* PVC D H A 11300 2530 
H O A 10400 3280 
H D A 12900 4680 
"DCH" B B Q pork* PVC D E H A 34000 8800 
"DCH"roast red sausage* PVC D E H A .. 34000 2800 
"DCH" B B Q steak# PVC D H A 120 
H O A s m 120 
H D A 17600 110 
"DCH" sliced lamb# PVC D E H A 46000 80 
"DCH" sliced lamb# PVC D H A 11300 230 
H O A 10400 290 
H D A 12900 340 
"DCH"boneless pork chop# PVC D E H A 39400 420 
"DCH"boneless pork chop# PVC D H A 11000 560 
H O A 10000 670 
H D A 13000 790 
"DCH" B B Q steak# PVC D E H A 38400 一 n o 
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"Doll's" shaomai dim sumF P V C D H A 7700 1300 
HOA 7500 2000 
H D A 8400 2300 
"Doll's" beef ball dim sumF P V C D H A 7700 470 
H O A 7500 710 
H D A 8400 730 
"Maruzen" fish sausage^ P V C D B S 16900 880 
A T B C 8900 610 
"Manizen" garlic fish P V C D B S 20100 1020 
sausage^ A T B C 9 7 ^ 710 
"Evergreen" ham sausage* P V C D B S 21600 1550 
A T B C 12000 1420 
"Great Wall" ham sausage* P V C D B S 21500 1290 
A T B C 5600 640 
"Regal" smoked salmon^ PE D E H P 40 150 
"ParklM" Canadian bacon# Nylon D B P ^ 7 
"Armour" pork patties# Nylon D B P ^ 1 
"Sun Land" chicken frank# Nylon D B P 140 n 
* - samples originally stored at -18 and then at 4°C for 7-10 days before analysis 
# - samples stored at -18°C throughout the storage period 
F - samples stored at 4。C throughout the storage period 
R - samples stored at 25°C throughout the storage period 
d. Miscellaneous 
Polymer Plasticisers Plasticiser Level (^ ifi/dm^ ) 
Food Items Type Found Packaging Foodstuff 
"Freshco" dried mango PP D B P 0.8 
"Kui Fung" liquorice lemon PP D B P ^ 10 
"Kui Fung Hong" plum PP D^ 5.6 
“Shin Mi" Japanese Udon Nylon D B P n 
"Anchor" cheddar cheese PET D B P 
"Chesdale" cheddar cheese PET D B P 15 -
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3.5 Conclusion 
A comprehensive method for the determination of plasticisers in foods had been 
developed. In order to deal with a great variety of food items and different types of 
plasticisers, the method might include different extraction, clean-up and determiantion 
procedure. Using this method, 72 food items had been examined and almost all of them 
were found contaminated with plasticisers. 
The survey revealed that storage at high temperature, high fat content in food and 
high plasticisers level in the packaging material are all favourable condition for the 
migration of plasticisers from the packaging materials into the foodstuff. 
However, the survey can not show us any correlation in a quantitative manner between 
those favourable condition and the extent of migration. This was because the previous 
storage condition of those food items were not known, also the storage time after the food 





It was clear from results of previous studies, that plasticisers contained in food 
contact packaging material will migrate into food and cause contamination to the foodstuff 
in contact with the packaging material. Two commonly used plasticisers, DEP and DEHA, 
had been confirmed carinogenic at high doses in mice.Hence, it is desirable that 
regulations or guide-lines regarding the use of food contact packaging materials 
containing plasticisers would be set up. However, before this can be done, detailed 
investigation and research work need to be carried out to gather pertinent information or 
data. Firstly, factors or parameters affecting the extent of migration have to be 
identified. Secondly, the correlation between these critical factors and the extent of 
migration in various food system have to be found out. Finally, a mathematical model is 
needed to describe the correlation in a quantitative manner so that the extent of migration 
can be predicted. 
It is conceivable that the extent of migration of plasticisers may depend on the 
following factors or parameters : 
a. storing condition including tempereature and time ； 
b. nature of food contact packaging material ； 
c. plasticisers type and level in food contact packaging material ； and 
d. nature of foodstuff being in contact with the packaging material. 
In order to quantify the correlation between these factors and the extent of 
migration, migration studies under controlled experimental condition have to be carried 
out. A poly-vinylchloride copolymer cling film with known amount of plasticisers was 
used for the migration studies. Various type of food items were packed by the cling film 
and stored at different temperatures depending on the food type. For candies and 
chocolates, several type of packaging materials originally used for candies were employed. 
These packaging materials were all found to contain high levels of plasticisers. The 
amount of plasticisers migrated were monitored against storage time. The developed 
experimental procedure used in the survey of plasticisers level in food was employed here. 
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Based on the Pick's Law of DifiUsion [29], a mathematical model was set up to 
relate the amount of plasticisers migrated in terms of parameters such as 
a. plasticisers level in food contact material ； 
b. storage time ； 
c. diffusion coefficient of plasticisers in food and packaging materials as well ； 
d. partition coefficient between the foodstuff and the packaging materials ； and 
e. surface area in contact between the foodstuff and packaging material. 
The proposed model was then fitted to the experimental data to see if the model 
was valid or not. By means of some mathematical optimization techniques, the values of 
diffusion and partition coefficients for different food items were also determined and then 
checked for any correlation which mayexist among different type of food items. 
Moreover, the enhancement effect of the fat content in food on the extent of 
migration had been reported in past, studies [15,18,22]. However, no one have yet dealt 
with this correlation in a quantitative manner. Thus, we would like to make use of the 
established model to check the impossible effect of fat on the the migration. 
4.2 Experimental 
4.2.1 Instrumentation and Apparatus 
Same as described in Section 3.2.1. 
4.2.2 Reagents and Materials 
Same as described in Section 3.2.2. 
4.2.3 Procedure 
4.2.3.1 Migration Studies 
Various types of food items were wrapped with the cling film (or packaging 
materials) and stored at different temperatures. Samples were divided into groups 
according to the storage temperature as shown in Tables 4.1.The amount of plasticisers 
migrated were determinated at intervals also as shown in the Tables 4 .1 . 
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Table 4.1a. Foods stored at 25。C ( inside a cupboard ) 
Food Items Wrapped by Plasticisers Involved 
hard candy packaging material for candy DBP, BBP, DEHP, D C H P 
jelly candy packaging material for candy DBP, BBP, D C H P 
chocolate packaging material for choco DBP, D C H P 
Time Schedule : 1, 3，5, 7, 9，12, 14 weeks 
Table 4.1b. Foods stored at 4°C (inside a refrigerator) 
Food Items Wrapped by Plasticisers 
Involved 
fresh beef P V C cling film D H A , HOA, H D A 
pork chop “ ^ 
ham slice “ ^ 
smoked salmon “ “ ’ 
chicken meat “ “ 
chicken skin “ “ 
fresh apple “ “ 
chiffon cake “ “ 
Cheddar cheese “ “ 
Time Schedule : 1, 3, 7, 10，14 days 
Table 4.1c. Foods stored at -18°C ( inside a freezer) 
Food Items Wrapped by Plasticiers Involved 
fresh beef P V C cling film D H A , HOA, H D A 
pork chop “ “ 
chicken meat “ “ 
chicken skin “ “ 
Time Schedule : 1’ 3’ 6’ 9，12’ 14 weeks 
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4.2.3.2 Effect of Fat Content in Food 
In order to study the correlation between the fat content in food and the extent of 
migration, several types of cheese with different fat contents were chosen as the food 
simulant. The fat contents of the cheese samples were determined by the following -
procedure. 
A piece of cheese was weighed accurately and cut into small pieces. The cheese 
was then put into a 250 ml concial flask and 100 ml acetone:hexane (1:1) were added. The 
flask was then shaken at a speed of 150 rev./min for 60 min. to extract the fat from the 
sample. The extraction solvent was filtered into a weighed beaker. The extraction 
procedure was repeated for another 2 portion of 50 ml of acetone:hexane (1:1). The total 
extraction solvent was then evaporated over a hot plate. The amount of fat extracted was 
weighed and the fat content of the sample was then calculated. 
The extent of migration in various types of cheese were studied by procedure as 
described in Section 3.3.1. The cheese were wrapped by the same PVC cling film and 
stored at 4°C. The amount of plasticisers migrated were determined after 1,3,7,10 and 14 
days of storage. Each determination was done in triplicate and the mean was reported. 
4.2.3.3 Analysis 
The extraction, clean-up and quantitation prpcedures for the plasticisers in food 
were the same as described in section 3.3. 
4.3 Results and Discussion 
4.3.1 Proposed Mathematical Model 
Startin and his co-workers had conducted a series of studies on the migration of 
plasticisers from PVC films into various types of foods [15,18,22]. However, they did not 
attempt to establish any mathematical model to describe the migration process. In 1981, 
Till repeated the research on the migration of plasticisers from plasticised PVC film into 
various types of food [30] and proposed a mathematical model as shown in the following 
equation 
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Mt = 2 Q {Dpt / nf"- [pl{\+p)] 
where KiDg/Dpf'^, t is the storage time, M^ is the amount of plasticiser migrated, 
• • vv\ I f^v'l ^ 
Cp is the initial concentration of the interested-K is the equilibrium partition coefficient -'~一^一 
and Ds represents the diffusion coefficient of the plasticiser in the food phase. Dp 
represents the difiiision coefficient of the plasticiser in the polymer phase which contained 
an initial plasticiser concentration of Cp. 
In brief, the above equation suggested that the amount of plasticiser migrated 
should be proportional to the square root of the storage time. However, our experimental 
data for the migration studies as well as those reported by Till. A trend of an initial rapid 
migration with a levelling-off after a certain time.This suggested that Till's model might 
not be the appropriate one to describe the migration process adequately. Hence, it was our 
objective to establish another model which can best-fit the experimental data. 
Consider an ideal system of two non-interacting phases, one is the polymer and the 
other is the foodstuff，in contact with each other [Figure 4.1]. There is only one polymer-
food interface located at X = 0, and both phases being of definite extension in the -X and 
X directions, respectively, and of constant cross sectional area. 
If the diffusion coefficients within the polymer phase and the food phase were denoted by 
Dp and Ds, then the whole situation can be described by the following differential 
equations with the set of boundary and initial conditions following the Pick's Law of 
Diffusion [31]: 
E 二 仏 与 f o r X < 0 
dt p dx) 
义二 与 f o r x > 0 
dt ‘ dX' 
C 二 Co for X < 0 and C = 0 for X > 0 at t = 0 
(C stands for the concentration of plasticisers and t stands for the contact time) 
.143 
、 
Polymer ^ Food 
( D p ; C p ) —— ( D s ; C s ) 
— > 
^ x < 0 X二0 X>0 — 
Figure 4.1 Migration Process at the Polymer / Food Interface 
_ -f 
As the complimentary error function C{X,t) = erfc-^^-j^ satisfies the diffusion equation 
under the boundary conditions : C(0,t) = 1 and C(oo,t) = o for t > 0, and initial condition 
C(X，0) = 0 for X > 0 for X > 0 [32], the suggested solution for the concentration of 
plasticisers in polymer (Cp) and that in food (Cs) would be in the form as 
= (Eq.4.1) and 
C「-B.-赤 阮 4.2) 
where A and B are proportional constants 
As time approaches to infinity, an equilibrium between the plasticiser concentration in two 
phases would be attained. In mathematical expression, we have 
f->oo 。p 
where K is the partition coefficient of plasticiser betvVeen the food and polymer phases. 
X 
As erfc7— 1 for / — 00，so we have 
B = K. ( Co - A ) (Eq. 4.3) 
Also, the continuity of flow through the plane X = 0 would suggest 
= (Eq- 4.4) 
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By substituting the relations shown in equations 4.3 and 4.4 into equations 4.1 and 4.2, 
the constants A and B can be solved as 
A = a'( ) 
l + K-a 
where a 二 丛 
V^P 
Now, equations 4.1 and 4.2 can be expressed as 
Cp = Q - a( K'Co ) 咏 产 (Eq. 4.5) 
P 。 h +火.a 
= (Eq. 4.6) 
By integrating the equations 4.5 and 4.6 through the whole thickness of the respective 
phases, the amount of plasticisers in the phases ( at time t) can be found. It is convenient 
to start with equation 4.5 because the thickness of the polymer (L) is fixed and known 
while the thickness of the foodstuff is varied and difficult to be defined in some cases. 
Thus the amount of plasticiser migrated ( Mf) into the food phase would be expressed as 
the amount of plasticiser left the polymer phase. If A is the surface area in contact between 
the food and polymer phases, M^ can be expressed as 




= a ( 翻 - 允 击 収 
putting ^ = ~7==— then we have 
A \ + K-a V 4 
二 - ierfci-^)] (EqAJ) 
where i. erfc(x) = )-X' erfc(x) 
. • 
A mathematical model, shown in equation 4.7，had been established for the 
migration of plasticiser from packaging material into food. A typical plot of this proposed 
model is shown in Figure 4.1. Different from Till's model, the new established model did 
show an initial rapid migration with a levelling-ofFwith time. 
Nevertheless, the validity of the model has to be checked against experimental data. 
Mathematical optimisation technique was employed to fit the model to the experimental 
data. The root mean square error values between experimental values and theorical values 
would tell whether the fitting is good or not. 
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4.3.2 Mathematical Optimization 
A least square analysis for non-linear equation was employed here to the 




w h e r e = and B = 
For a set of data (Mj, tj), optimized values of R and B were found such that the sum of 
square of the deviation S, defined as below, 
B 
1. 0 
would be the least such that = 0 and —— = 0. 
d R u D 
For 二 0, we have 
dR 
jerfci^d^-MXA jW"。⑷鄉]=0 
i 0 0 
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尺 = - y ^ {EqAS) 
tM J * 响 溯 2 
‘ 0 
For = 0, we have 
欢(R況 I ferfc{^d^ = 0----(EqA.9) 
An iterative BASIC programme was then written to solve equations 4.8 and 4 9 
for the optimized values of R and B for a particular set of experimental data. The strategy 
was that an initial value B was substituted into equation 4.8 and a R value was found This 
R value was then substituted into equation 4.9 to solve for another B value. The new B 
value was then compared with the initial B values. If the deviation was more than 0 2 % 
then the iteration was repeated again and again until the criteria was meet. A set of data ( 
M'i,ti) was generated according to the optimized R and B values by the model, the root 
mean square error defined as in equation 4.10 [8] was then computed to check the fitting 
to the experimental data. The root mean square error is defined as the following 
R.M.S. errors \ — (Eq. 4.10) 
I ^-Q 
where M [ is the value from the model fitting, M j is the experimental value at time tj. N is 
the number of data point and Q is the number of parameters to be determined. However 
the root mean square error only gives us an absolute figure which is not useful for 
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comparsion. Thus a relative root mean square error defined as the ratio of the root mean 
square error to the mean of respective set of experimental data (Mj) would be reported 
instead. 
4.3.3 Experimental Data and Model Fitting 
The amount of plasticisers migrated ( per unit area) were determinated for some 
selected food items according to the procedure and conditions described in the 
Experimental. In all cases, the determination were done in triplicate and blank samples 
were also analysed. The experimental data as well as the data generated from the model 
are summarised in Appendix 11-2 and the relative root mean square error for each 
determination is shown in Table 4.2. 
Table 4.2 Relative Root Mean Square Error for Different Food / Plasticiser System 
Food Type Stored at Packaging Plasticiser Relative 
L ! ^ Material R.M.S. Error 
Hard Candies ^ Cellulose DBP 0.066 
“ Acetate BBP 0.053 
： ： DEHP — 0.100 
“ ： DCHP — 0.099 
Jelly Candies 25 Cellulose ” DBP 0.047 
“ Acetate BBP 0.098 
^ " DCHP 0.063 
Chocolate 25 Cellulose DBP 0.094 
“ Acetate D C H P 0.039 
Fresh Beef ：18 PVC D H A 0.042 、 
： ： H O A 0.051 
" ：； 0.036 
Pork Chop ：18 PVC D H A 0.021 
： ： H O A 0.080 
” ！： 0.028 
Chicken Skin AS PVC D H A o.059 
“ “ H O A 0.022 
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“ “ 0.024 
Chicken Meat ：18 VVC D ^ 0.036 
“ “ H O A 0.055 
“ “ HDA 0.075 
Pork Chop 4 VYC D ^ 0.100 
“ “ H O A 0.036 
“ “ H D A 0.051 
Fresh Beef 4 VVC D H A 0.100 
“ " H O A 0.036 
“ “ W A 0.051 
Ham Slice 4 ？YC D ^ 0.092 
：： " H O A 0.120 
；; ；: W A 0.019 
Smoked Salmon 4 PVC D H A 0.040 
： “ H O A 0.046 
“ “ f ^ 0.086 
Chicken Skin 4 P V C D H A 0.122 
： ： H O A 0.079 
；： ： W A 0.069 
Chicken Meat 4 V V C D ^ 0.110 
： ： H ^ 0.053 
；; “ H D A 0.120 
Fresh Apple 4 ^ V C D H A 0.036 
；; “ H O A 0.028 
“ ^ HDA 0.120 
Chiffon Cake 4 P V C D H A 0.024 
: ^ H O A 0.020 
Cheddar Cheese 4 V V C D H A 0.015 
： ： H O A 0.015 
I " I " I H D A 0.049 
The average relative root mean square error of the above 47 determination were 
0.060 (i.e. 6% deviation) . Thus it can be concluded that the proposed mathematical 
model well fit to the experimental data for different type of food items stored at different 
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Figure 4.2 Experimental and Predicted values of amount ofHDA Migrated 
from Cling Film into Fresh Beef at -18 oC 
temperatures. In other words, the proposed model is valid to describe the migration of 
plasticisers from packaging materials into foods in a quantitative manner. 
4.3.4 Diffusion Coefficient and Partition Coefficient 
From the optimised vaules of R and B, the diffusion coefficients ( Dp and Ds ) as 
well as the partition coefficient ( K ) can then be determinated for each food / plasticiser 
system. 
Since ’ Dp:、j^f——(Eq. 4.10) 
As Ds and K are two inter-dependent parameters as suggested in the model, the value of 
K have to be estimated by other means in order to solve the value of Ds. 
Startin had reported that the plasticisers migrated from the packaging material 
sited mainly on the surface of the foodstuff or penetrated only to a very short distance 
from the surface [22]. Also, the thickness of the packaging material (or the film )was very 
small. Thus the partition coefficient K can be estimated by computing the ratio of surface 
concentration of plasticisers in both phases after the equilibium had been attained. 
二 Wtl^U (12) 
Based on the equations 4.10-4.12’ the partition coefficient and difiiision coefficient for 
each food/plasticiser system were calculated and reported in Tables 4.3a-4.3c. 
Table 4.3a. Dp & K values for Food items stored at 25°C 
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Food Items Plasticiser K Ds ( IQ-^^cmVs ) Dp (IO-12 cmVs) 
Hard Candies DBP 0.059 ^ 1.83 
BBP 0.045 129 1.24 
D C H P 0.040 ^ 1.26 
DEHP 0.029 1.24 
Jelly Candies DBP 0.047 1.20 
BBP 0.023 ^ 1.34 
D C H P 0.016 122 1.26 
Chocolate Bar DBP 0.21 ^ 1.26 
D C H P 0.12 3.05 1.32 
Table 4.3b Dp & K values for Food items stored at 
Food Items Plasticiser K Ds ( IO-12 cinVs) Dp (10-i3 cmVs ) 
Fresh Beef D H A 0.007 7.0 
H O A 0.006 I M 6.7 
H D A 0.005 y ^ 6.9 
Pork Chop D H A 0.008 1.93 12.9 
H O A 0.007 10.0 
H D A 0.006 h M 13.0 
Chicken Skin D H A 0.061 7.8 
H O A 0.066 8.4 
H D A 0.061 U J 6.0 
Chicken Meat D H A 0.062 ^ 12.6 
H O A 0.059 m 7A 
H D A 0.057 2.26 14.6 
Table 4.3 c Dp & K values for Food items stored at 4。C 
Food Items Plasticiser K Ds (IQ-^^cm^s) Dp (IQ-^i cmVs) 
Pork Chop D H A 0 ^ 1 2.65 1.73 
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H O A 0.097 ^ 1.50 
H D A 0.100 ^JJ 1.44 
Fresh Beef D H A 0.006 1.58 
H O A 0.004 2 M 1.49 
H D A 0.003 1.66 
Ham Slices D H A 0.080 I M 1.38 
H O A 0.073 ^ 1.43 
H D A 0.070 IJJ 1.00 
Smoked Salmon D H A 0.546 2J0 1.50 
H O A 0.649 ^ 1.41 
H D A 0.564 ^ 1.44 
Chicken Skin D H A 0.475 3.20 1.80 
H O A 0.508 1.60 
H D A 0.535 2.75 _ 1.60 “ 
Chicken Meat D H A 0.167 1.Q5 
H O A 0.114 1.57 一 1.22 
H D A 0.096 2 M 1.44 
Fresh apple D H A 0.070 m 1.33 
H O A 0.062 1.86 — 1.28 — 
H D A 0.061 ^ 1.41 
Chiffon Cake D H A 0.046 1.Q7 
H O A 0.030 ^ 1.12 
Cheddar Cheese D H A 0.066 1.42 
H O A 0.033 1.08 
H D A 0.013 1.25 0.84 
From the above results, it can be concluded that: 
a. The diffusion coefficients of plasticisers in packaging material (Dp ) varied only 
slightly with the food types but dependent on the storage temperature. This suggests that 
the interaction between the food sample and packaging materials is very small and may be 
neglected. Moreover, the variation of diffusion coefficient among plasticisers with 
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different molecular size ( e.g. compare the values of Dp for DHA, H O A and H D A in 
different food / plasticiser system) were not so manifested. 
The average diffijsion coefficient (Dp) of phthalate ( DBP, BBP, DEHP and D C H P ) in 
cellulose acetate was found to be 1.31 x 10-^ 2 cm^/s at 25。C. On the other hand, the 
average diffiision coefficient of adipate (DHA, H O A and H D A ) in PVC copolymer cling 
film was found to be 9.4 x 10-i3 cmVs at -18。C and 1.38 xion cmVs at 4oC. These 
average values were all consistent, at least with the same order, with previous findings by 
Griffiths et al. [34]. The data are summarized in Table 4.4 for comparsion. 
b. The diffusion coefficients of plasticisers in food (Ds ) were found to be mainly 
dependent on the storage temperature and not so much on the food types.The average 
diffusion coefficient of phthalates (DBP, BBP, D E H P and D C H P ) was found to be 2.9 x 
10-12 cmVs at 25。C. On the other hand, the average diffixsion coefficient of adipates ( 
DHA, HOA, H D A ) in frozen meat was found to be 1.34 xlCH2 cmVs at -18<>C and 2.04 
xlO-ii cm2/s at 4°C for a large variety of foods. 
c. The partition coefficients varied greatly among different food / plasticiser system being 
much larger in foods having high fat contents. The average values of partition coefficients 
for different groups of foods are summarized in Table 4.5. 
Table 4.5 The partition coefficient, K, for different groups of food 
Food Groups Temp. (。C ) Plasticisers Type K 
Candies ^ Phthalates 0.037 
Chocolates ^ Phthalates 0.170 
Frozen lean meat Adipates 0.006 
Frozen fatty meat Adipates 0.061 
Lean meat 4 Adipates 0.004 
Meat with medium fat 4 Adipates 0.089 
Meat with high fat / oil 4 Adipates 0.546 
Cakes and cheese 4 Adipates 0.038 
Although the average values for Dp, Ds and K reported above are rough estimates, 
they are good enough for making predictions about the extent of migration in certain food 
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/ plasticiser systems. Further, the present study covered most food / plasticisers systems 
which we come across in our daily life. Thus, if the tolerance limits or guideline values for 
the presence of plasticisers in food are available, the conditions regarding the use of 
packaging materials having a known amount of plasticiser can then be stipulated. This can 
be done by estimate the amount of plasticiser that would be migrated into the food 
according to these average values using the established model. 
4.3.5 Effect of Fat Content in Food 
It has been reported previously that the fat content of food have an important 
influence on the migration of plasticisers from the packaging materials into foodstuffs ( 
see Section 3.5 ). However, the direct correlation between fat content and migration has 
yet to be found. 
Different types of food may contain different types of fat ( solid, semi-solid or 
liquid )，and the distribution of fat on the food surface may vary greatly even in the same 
piece of food sample. Hence, in our study, cheese was chosen for testing because cheese 
are available with different percentage of fat contents. Further, cheese has homogenous, 
even and flat surface, which facilitates the migration studies and more reliable and 
reproducible results may be anticipated. 
The results of migration studies for various type of cheese are summarized in Table 
4.6a- 4.6c. 
Table 4.6a Migration of D H A into Cheese 
Amount of Plasticiser Migrated (M,), ji^dm^ 
Type of Cheese tested * 1 d+ 3 d+ 7 d+ 10 d+ M d+ 
Low Fat Cheese (8.2) 25 ^ ^ 39 ^ 
Cheddar Cheese (12.5) 89 U 7 m 133 
Medium Fat Cheese (21.3) 218 ^ ^ 290 ~ ^ 
Cream Cheese (32.8) 689 850 1006 1117 ~ ~ 
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Table 4.6b Migration of H O A into Cheese 
Amount of Plasticiser Migrated ( M, )，^^dm^ 
Type of Cheese tested * 1 d+ 3 d+ 7 d+ 10 d+ 14 d+ 
Low Fat Cheese (8.2) 15 丝 ^ 33 34 
Cheddar Cheese (12.5) 52 ^ ^ 34 S6 
Medium Fat Cheese (21.3) 298 ^ 390 432 
Cream Cheese (32.8) 902 1098 1250 1400 1560 
Table 4.6c Migration of H D A into Cheese 
Amount of Plasticiser Migrated ( M^ \ \xg/dm^  
Type of Cheese tested * 1 d十 3 d+ 7 d+ 10 d+ 14 d+ 
Low Fat Cheese (8.2) 8 10 13 14 15 
Cheddar Cheese (12.5) 18 ^ ^ 3I ^ 
Medium Fat Cheese (21.3) 260 ^ 345 368 
Cream Cheese (32.8) 780 930 1120 1250 ~ ~ ~ ~ 
* Percent fat in parentheses 
+ Time of storage at 4。C 
Again, the diffusion coefficient Dp, Ds and the partition coefficient, K, are calculated and 
the results are summarized in Table 4.7. 
Table 4.7 Partition Coefficient, and Difiusion Coefficients for Migration of Plasticisers 
into cheese 
Type of Cheese ( % Fat) Plasticiser Dp, 10-"cm2/s Ds, 10-"cm2/s K 
Low Fat Cheese (8.2) D H A 1.18 0.020 
H ^ 0.85 0.013 
^ OJl 1.03 “ 
Cheddar Cheese (12.5) D H A 142 q 066 
H O A 1.55 1.08 0.033 
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H D A O M 0.013 
Medium Fat Cheese (21.3) D H A I M 0.158 
H O A 137 1.75 0.192 
H D A 0.169 
Cream Cheese (32.8) D H A 1.173 
H O A q ^ 1.393 
H D A 0.74 1.39 1.257— 
The diffiision coefficients, Dp and Ds, appear to be vary within a very small range 
among different type of cheese as observed for other food types above. However, 
——theextent of migration (Mj) as well as the partition coefficient vary greatly with the fat 
contents in different cheese samples. Linear correlation was obtained between the In M(t) 
and the fat contents in cheese ( Table 4.8 and Figure 4.3 ). This indicates that the extent of 
migration varies expontentially with the fat content in food. 
Table 4.8 Values of H and In M, for different Plasticiser / Cheese System 
H (In H ) * for different type of Cheese 
Plasticiser Low Fat C. Cheddar C. Med. Fat C. Cream C. Corr. Coeff. 
D H A 45 (3.81) 137(4.92) 305 (5.72) 1209(7.10) ~ 0 j 8 5 4 _ 
H O A 34(3.53) 86(4.45) 432(6.07) 1560 (7.35) 0.9898 
H D A 15 (2.71) 32(3.47) 368 (5.91) 1420 (7.26) 0.9830 
* Mj value after 14 day's storage was taken for comparsion 
Moreover, a linear correlation was also observed between In K and the fat content 
in cheese ( Table 4.9 and Figure 4.4). This finding suggests that the extent of migration, 
Mj, is directly proportional to K，the partition coefficient and confirm the conclusion 
suggested by the proposed model as shown in equation 4.7 as far as K.ot is much smaller 
than 1. 
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Figure 4.4 A Plot of In [ Partition Coeff., K] against the Fat Contents in Food 
Table 4.9 Values of K and In K for different Plasticiser / Cheese System 
K (In K ) * for different type of Cheese 
Plasticiser Low Fat Cheddar Medium Fat Cream Coir. 
Cheese Cheese Cheese Cheese Coeff 
D H A 0.020 (-3.91) 0.066 (-2.72) 0.158 (-1.84) 1.173 (^16) 0.9902 — 
H O A 0.013 (-4.34) 0.033 (-3.41) 0.192 (-1.65) 1.393 (0.33) 0.9989 
J ^ A 0.006 (-5.12) 0.013 (-4.34) 0.169 (-1.78) 1.257 (0.23) 0.9938 
4.4 Conclusion 
A mathematical model has been established and checked against the experimental 
data. Compared with a previous model, the proposed model can explain observed initial 
rapid migration followed by a levelling-off with time. From the migration studies, it was 
observed that the diffusion coefficients do not depend on the food / plasticisers system but 
depend on the storage temperature whereas partition coefficients depend on both. The 
average values of diffusion coefficient and partition coefficient for different conditions and 
food / plasticisers systems were determined. These data are useful for the prediction of the 
extent of migration if the amounts of plasticisers in the packaging material are known 
They can also be applied to stipulate guidelines or regulations regarding the use of the 
packaging materials containing high levels of plasticisers. Further, it was found that the 
extent of migration varied expontentially with the fat contents in food, where cheese with 
different percentage of fat were taken as the testing samples. 
• • - 、 
.158 
CHAPTER 5 
EFFECT OF MICROWAVE HEATING 
5.1 Introduction 
Convenience in food preparation makes the microwave oven a necessary 
component in today's household. In fact, the time savings involved in "in-packaging" 
cooking is a significant convenience feature for many working people. With microwave 
ovens being present in a majority of homes and retail sales of microwave foods growing 
rapidly, the development of microwave foods has become an increasingly important 
research and development focus for many food companies [35]. Nevertheless, the safety 
aspect of microwave cooking has aroused concerns in the public recently. Many research 
have thus been conducted by various institutions and regulatory authorities over the 
world. The main objectives of these studies were mainly divided into two categories, 
namely the microwave heating effect on foods and the migration of additives from the 
packaging material into the foodstuff during microwave cooking. A typical example for 
the former is the study of the influence of microwave heating on the formation of N-
nitrosamines in bacon [36] whereas study of the migration of oligomers or plasticisers 
from packaging materials into foods during microwave cooking were the common topics 
for the latter [17,37-39]. 
Among the common packaging materials, clipg film is widely recommended for 
use in microwave cookery to cover foods during heating to prevent drying out of the 
surface. It is suggested specically for use during baking ( piercing the film to allow steam 
to escape), reheating plates of food, wrapping large vegetables during cooking,and for 
covering frozen dishes during thrawing or reheating direct from the freezer. A number of 
popular cookery books give recipes where foods are cooked in direct contact with cling-
film. These foods range from meat, poulty, fish and vegetable dishes to steamed puddings, 
cakes and biscuits [22]. 
In this study, the extent of migration involved in "in-packaging" cooking and the 
common household heating with plasticisied cling film as mentioned above using 
microwave ovens would be determined. Moreover, the effect of fat content in food, 
contact time and power setting on the extent of migration during microwave heating and 
the fat content in food; contact time and power setting were also studied. 
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5.2 Theory 
The electromagnetic rediation frequencies range extending from 300 G H z down to 
300 M H z is generally known as microwave radiation. As the energy of microwave 
photons is several orders of magnitude less than the hydrogen bond energy ,a quite weak 
bond energy, microwave photons cannot disrupt the electronic structure of atoms, nor can 
they disrupt chemical bonds [40]. 
As with infrared heating, microwaves heat by radiation. Nevertheless, 
quantitatively, these two methods differ significantly. While in infrared heating, the 
penetration of the radiation in the target is minimal and most of the food mass is heated by 
conduction microwaves penetration into the food is much deeper, reducing the heat 
difiiision distance and time, so that the principle of radiation or "volume-heating" is better 
accomplished. 
Microwaves are either reflected, transmitted, or absorbed, depending upon the 
material contacted. In materials which conduct electrons, such as metals, the incident 
microwaves will be reflected due to a radiation-induced electric field in the metal and thus 
in theory, metals are not heated by microwaves. Conversely, microwaves can be 
transmitted through many materials without being absorbed. Perfect electric insulators 
such as air, glass and most plastics transmit microwaves without absorbing energy. Thus 
they can be used as food containers for microwave heating without obstructing the flow of 
energy into the food, and therefore without being heated. 
The absorbed microwave energy is manifested as heat upon interaction with the 
load as a result of several complex energy transfer mechanisms. These process, which are 
generally described as "molecular frictions", involve dipole rotations, stretching of polar 
molecules, conductive migration of dissolved ions, and induced polarizations. 
When microwaves are applied to the load, the molecules inside will undergo 
electric polarization by the alternating electomagnetic field, a component of the 
microwaves, and the polarizated molecules will experience the oscillations of the electric 
field components. The molecules will then be rotated, stretched or compressed, depending 
on whether the axis of the dipolar molecule is perpendicular or parallel to the electric field 
[Figure 5.1]. If the frequency, or energy, of the photon matches one of the energy 
differences in the allowed rotational or vibrational levels of the molecules, the molecular 
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motions will then be synchronized with the oscillating electrical field and the energy'from 
the microwave will be absorbed and converted into heat [41]. 
+ E ~ • 
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Figure 5.1 Illustration of forces exerted on polar molecules 
by the electric field of an electromagnetic wave. 
Water, a polar molecule, accounts for much of the primary absorption of 
microwaves in foods.However, if the water molecules are well separated, as in the gaseous 
phase, then there is only a relatively small number of allowed rotational and vibrational 
transitions, and only photons of very distinct frequencies will be absorbed. However, in 
liquid form, hydrogen bonding brings the water molecules in very close contact and causes 
the allowed transition levels to become nearly continuous and to cover wide bands of 
microwave frequencies. Therefore, almost any incident microwave frequency within these 
bands matches some allowed transition; energy is then absorbed from the wave and 
converted to heat. 
The average microwave power absorbed, which can be converted into heat for a unit 
volume, P (W/cm3), is given by 
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P^lnU'E^s 
where E is the electric field strength in volts per unit distance, v is the frequency and e is 
the dielectric loss factor represents the ability to convert the absorbed electromagnetic 
energy into heat [40]. 
In practice, heating by microwaves is controlled by a multitude of interwoven 
factors, some related to the radiation source, like frequency and output power, and others, 
like dielectric properties, electric conductivity, heat capacity, and thermal conductivity, 
related to the properties of the food exposed to radiation. These latter properties are 
dependent on factors of the chemical composition, such as moisture, salt, sugar, and fat 
contents, and on physical parameters, such as bulk density, mass and even physical 
geometry [42]. 
5.3 Experimental 
5.3.1 Instrument and Apparatus 
Instrument and apparatus used for the determination of plasticisers were same as 
described in Section 3.2,1. 
Samples were heated using a Richmond Model MW-1230ME microwave oven 
The oven had a rated output of 650 W on high power with microwave frequency set at 
2450 Hz. 
5.3.2 Reagents and Materials 
Same as described in Section 3.2.2. 
5.3.3 Procedure 
5.3.3.1 "In- Packaging" Cooking 
Five different brands of dim sum samples suggested to be microwaved in-
packaging cooking were bought from the supermarket. The samples, previously stored in 
the freezer (-18。C), were heated together with the packaging material on high power for 2 
min. in a microwave oven according to the instruction recommended by manufacturers 
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After allowing to stand for 10 min., the samples were homogenised and put into a 250 ml 
concial flask followed by addition of 1 ml of mixed D^ -plasticiser standard (as internal 
standard ) and 50 ml extraction solvent ( dichloromethane and cyclohexane (1+1)). The 
plasticisers were then extracted by shaking the conical flask at a speed 150 rev./min by a 
shaker for 60 min., and 5 ml of the extraction solvent was pipetted into a beaker and then 
evaporated down to 1 ml. The fat in the extract was separated out by the gel permeation 
chromatography column. The final extract after the GPC cleaning was then ready for 
G C M S determination. 
The determination was performed in duplicate and the unhealed samples were also 
analysed as the blank samples for the plasticisers. The nature as well as the plasticisers 
level of the packaging materials were also be determined. 
5.3.3.2 Common Household Heating 
a. Reheat 
Ham slice, bun, cake and fried chicken , previously stored at 4°C, were wrapped 
with PVC cling film and heated up by the microwave oven on the low/medium power for 
one min. followed by standing for 5 min. The amount of plasticisers migrated was 
determined by G C M S using isotopes dilution technique after the extraction procedure as 
described in Section 5.3.3.1. 
b. Defrost ‘ 
Chicken meat, pork chop and beef, previously stored at -IS^C, were wrapped with 
PVC cling film and defrosted in the microwave oven on the autodefrost mode followed by 
standing for 5 min. The amount of plasticisers migrated was determined by G C M S as 
described in Section 5.3.3.L 
5.3.3.3 Correlation studies 
a‘ Standing Time 
Usually, the samples were allowed to remain in contact with the cling film for a 
period of time after microwave heating. Within this period, the process of migration would 
continue and even proceed at a much faster rate compared to normal storing condition In 
order to find out the correlation between the standing time and the extent of migration 
after microwave heating, a simulated study was conducted and ham were chosen as the 
food item for testing, and were heated in a microwave oven on low power for 1 min The 
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amount of plasticisers migrated, after a standing time of 1, 3, 5，10, 30 and 45 min., 
respectively determinated by G C M S as described in Section 5.3.3.1. The determination for 
each standing time were done in triplicate and the mean value was reported. 
b. Power Output 
The power output of the microwave oven was set between rate "10" and "90" in 9 
equal division where rate"90" stands for the high power.Certainly, the speed of heating 
would be increased by boosting the power output. In order to find out the correlation 
bewteen the power output and the extent of migration during microwave heating, a 
simulated study was conducted again using ham slices for testing. The slices were heated 
in the oven on different rating for 30 sec followed by standing for 5 min. The amount of 
plasticisers migrated were then determined by G C M S as described in Section 5.3.3.1. 
The determination for each standing time was done in triplicate and the mean value was 
reported. 
c. Fat Contents 
In order to find out the correlation between the fat content of food and the extent 
of migration during microwave heating, a simulated study using cheese with various % of 
fat as the food item for testing. The samples was heated in oven on low power for 30 sec 
followed by standing for 5 min. The amount of plasticisers migrated were then determined 
by G C M S as described in Section 5.3.3.1. The determination for each standing time was 
done in triplicate and the mean value was reported. 
5.4 Results and Discussion 
5.4.1 "In-Packaging" Cooking 
Five different dim sum samples were examined and the results are summarized in 
Table 5.1. The samples were placed between two glass plates during cooking to ensure 
that there was direct contact between the samples and the packaging materials. 
The nature as well as the plasticisers level in packaging materials were determined 
according to the procedures decribed in the previous chapters. 
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Table 5.1 Migration of Plasticisers in Dim Sum Samples using "In-Packaging" Cooking 
Food Item Packaging Material Plasticisers Migrated 
Nature Plasticiser ^g/g fig/dm^  )ig/g 
"Doll" Beef Dumpling PET DBP 2170 104 1.7 
"Eatwell" Beef Shaomai PET ： - - -
"Amoy" Shrimp Shaomai PP ： - : -
"Pan Century" Hargow PP DBP ^ 1.3 0.02 
"7-11" Shark Fin Dumpling PP DBP 90 6.4 0.18 
PP - Polypropylene ； PET - Polyethylene terephthalate 
It was observed that plasticisers in packaging materials migrated into food 
,through direct contact, at a much larger extent during microwave cooking compared to 
normal storage. Of course, high fats content in dim sum samples would facilitate the 
migration process. Anyway, the situation was not so serious as the plasticisers level in 
these packaging materials is very low. 
5.4.2 Common Household Heating 
a. Reheat 
The selected samples were wrapped by PVC cling film, which contained 2240 
Hg/dm2 of DHA; 2680 \ig/dm^ of H O A and 2550 ng/dm^ of H D A and had a thickness of 
0.02 mm. The power output rate was chosen according to the size of sample being 
reheated. Ham slice, steamed bun, Chiffon cake and 化ed chicken were chosen for testing 
and the result are summarized in Table 5.2. 
Table 5.2 Migration of Plasticisers in Food Samples using Mcrowave Reheating 
Food Items Power Heating Plasticiser Plasticiser Migrated 
Output Time, min Found \xg/dm^ ^g/g 
Ham slice ^ 1 D H A 75.3 4.7 
H O A 86.1 5.4 
H D A 90.3 5.7 
Steamed Bun ^ 1 D H A 377 1.9 
H O A 546 2.7 
H D A 478 2.4 
Chiffon Cake 50 1 D H A 80 0.85 
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H O A 82 0.85 
Fried Chicken 50 1 D H A 1520 24.2 
H O A 3060 48.9 
H D A 2060 33.0 
Similar to the case of "in-packaging" cooking, the extent of migration was much 
larger during microwave reheating than that in the case of normal storage. To take chiffon 
cake as an example, it required more than 3 day's storage at 4。。to have the same extent 
of migration in microwave reheating. The effect of fat content in food on the extent of 
migration was also demonstrated here. The extent of migration was largest for fried 
chicken,having high fat content in meat and on the food surface. 
b. Defrost 
The selected samples were wrapped with P V C cling film just before the defrost 
and not in contact with the plasticised film during storage. The cling film contained 2240 
i^g/dm2 of D H A ； 2680 ixg/dm^ of H O A and 2550 |ng/dm2 of H D A and had a thickness of 
0.02 mm. The "auto-defrost" mode of the microwave oven was used. Frozen fresh beef 
pork chop and chicken meat were chosen for testing and the result are summarized in 
Table 5.3. 
Table 5.3 Migration of Plasticisers in Frozen Food Samples using Microwave Defrost 
Food Item Plasticiser Plasticisers Migrated 
Found ng/dm^ ^g/g 
Fresh Beef D H A 0.95 
H O A 61.8 一 1.1 
HDA 63.1 一 1.1 
Pork Chop D H A l U 1.6 
H O A 152 一 2.1 
W A 122 一 1.7 
Chicken Meat D H A 114 1.8 
H O A 144 2.2 
H D A 125 
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Similar to the case of reheating, the extent of migration was much larger during 
microwave defrosting than that in the case of normal storage.To take beef as an example, 
the extent of migration occured in the microwave defrosting was about four times that for 
4 month's storage at -18。C. The effect of fat content in food on the extent of migration 
was also demonstrated here. The extent of migration was larger for chicken meat and pork 
chop, both having higher fat content than lean beef. 
5.4.3 Correlation Studies 
a. Standing Time 
The ham slices were wrapped by PVC cling film, which contained 2240 ^ ig/dm^  of 
DHA; 2680 iig/dm2 of H O A and 2550 ng/dm2 of H D A and had a thickness of 0.02 mm. 
The amount of plasticisers migrated after various standing time following the microwave 
heating were determined and reported in Table 5.4. 
Table 5.4 The Migration of Plasticisers at different Standing Time 
Plasticisers Plasticisers Migrated ( net amount) .[iMm^, after standi明 for time 
Found 0 min 1 min 3 min 5 min 10 min 30 min 45 min 
D H A 53.4 61.8 66.1 75.3 84.8 
(net ( 8.4) ( 12.7) (21.9) (31.4) (33.2) (35.1) 
amount) 
HOA 70.3 74.4 79.4 86 1 ins 107 i n ^ ^ 
(net (4.1 ) ( 9.1 ) ( 15.8 ) ( 34.7) (36.7 ) (35.7) 
amount) -
H D A 63.9 71.2 75.2 ' 90^ im 一川 
(net (7 .3 ) ( 11.3 ) ( 2 6 . 4 ) (37.1 ) (37.1 ) (39.1) 
amount) 
The net amount of plasticisers increased for various standing time were plotted in 
Figure 5.2. An initial rapid rise followed by a levelling-ofFwith time was observed in each 
curve. This is expected because the extent of migration was determined by the diffusion 
coefficient of plasticiser in food, Ds,which is a temperature dependent parameter 




where E— is the apparent energy of activation for diffiision^  D。is a constant, R is the 
universal gas constant, and T is the absolute temperature [43]. Thus a larger extent of 
migration would be expected if there was a rise in the temperature of food. That was the 
reason why an apparent increase in migration occured in such a short period of time. 
However, the rate of increase levelled off with time because the temperature of food 
ceased to increase with time leading to a decrease in the diffusion coefficient Ds and 
hence the rate of migration decreased accordingly. 
The temperature at the interface between the ham slice and the cling film was 
recorded and plotted in Figure 5.3，where it can be seen that the temperature dropped very 
rapidly in the first few min. and then decreased slowly as the temperature was approaching 
the room temperature. Such a cooling curve can be well explained by the Newton's Law of 
Cooling, which states that the rate at which a body loses heat is proportional to the 
difference in temperature between the body and the surroundings [44]. 
In this study, it was also observed that the total amount of plasticisers migrated 
into the food may be equal to 60 % of that during microwave heating if the standing time 
of 30 min was allowed. 
b. Power Output 
The ham slices were wrapped by PVC cling film, which contained 2240 jig/dm^ of 
D H A ; 2680 ng/dm2 of H O A and 2550 ^ g/dm2 of H D A and had a thickness of 0.02 mm. 
The amount of plasticisers migrated into ham slices after heated in the oven for 30 sec 
using various power output rate and a standing time of 5 min were determinated and 
reported in Table 5.5. … 
Table 5.5 The Migration of Plasticisers at different Power Output 
Plast. Amount of Plasticisers Migrated, ng/dm^, for Power Output set at rate 
Found 10 20 30 40 50 60 70 80 90 
D H A 11.7 19.2 31.8 42.1 52.3 66 9 SIS QR ^  
H O A 13.1 21.5 36.2 47.0 57.2 70 R SR 7 RQ ^  
H D A 9.5 18.9 32.5 45.7 54.9 74.3 76.7 98.5 107 
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The amount of plasticisers migrated were plotted against the power output rate in 
the Figure 5.4 and linear correlation was observed for the three plasticisers.The correlation 
coefficient was 0.9970’ 0.9979 and 0.9980 for DHA, H O A and H D A respectively. It is 
expected that boosting the microwave power can increase the speed of heating and thus 
the temperature of the food. According to the previous argument, the temperature rise in 
food would lead to an increase in difiusion coefficient and hence an increase in the 
migration rate. However, owing to the complexity of the heating mechanism, the direct 
correlation between the power output and the temperature profile in the body being heated 
has yet to be established. 
The deviation from linearity at high power output may be due to a non-uniform 
temperature distribution profile as the transfer of heat within the food may lag behind local 
rises in temperature due to an excessive rate of heating. 
c. Fat Content 
The fat content of the cheese samples were determined using the procedures 
described in the previous chapter. The cheese samples were wrapped by PVC cling film 
,which contained 2240 ^ ig/dm^  of DHA; 2680 ^ g/dm^ of H O A and 2550 [ig/dm^  of H D A 
and had a thickness of 0.02 mm. The cheese samples were then heated with power output 
set at "30" for 30 sec. and standed for 5 min. The results are summarized in Table 5.6. 
Table 5.6 The Migration of Plasticisers in Cheese Samples 
Food Item Fats Content Plasticiser Amt. of Plasticiser 
( % ) Migrated, |ig/dm^  
Low Fat Cheese D H A ^ 
H O A 15.7 
H D A n j 
Cheddar Cheese D H A " 
H O A ^ 
H D A ^ 
Medium Fat Cheese 2]^ D H A 
H O A ^ 
H D A 902 
Cream Cheese 32^ D H A ^ 
H O A 
H D A 300 
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Figure 5.4 A Plot of amount of Plasticisers Migrated against the 
Power Output of the Microwave Oven 
Apparently, fat content in food would be a crucial factor to determine the amount 
of plasticisers migrated into food during microwave heating. However, the effect of fat 
content may be multifarious. On one hand, fats do have a much smaller relative dielectric 
constant and loss factor, and hence the average microwave power absorbed is much 
smaller. On the other hand, fats can be heated faster since the thermal capacity for fats is 2 
kJ/kg^C which is less than half that of water (4.2 kJ/kg^C). Moreover, the change in fat 
content might lead to changes in other physical parameters such as bulk density, mass, 
thermal conductivity and moisture content. Such a multitude of interwoven factors do 
certainly affect the extent of migration in one way or others during the microwave heating 
process. 
The experimental data shown in Table 5.6 could show the combined effect of these 
factors. Similar to the result for the study of effect of the fat contents on migration under 
normal storage, linear correlation was obtained between the nature logarithm of the extent 
of migration and the fat content [Figure 5.5]. The correlation coefficient were 0.9991, 
0.9975 and 0,9976 for DHA, H O A and H D A respectively. Hence, the difference between 
normal storage and microwave heating was the rate of migration. As the extent of 
migration is mainly controlled by the difilision coefficent and partition coefficient, both of 
them are temperature dependent, such an observation would thus suggest that the 




Convenience and time savings involved in food preparation make microwave 
cooking a necessary component in most household today. However, the migration of 
additives from the packaging material or cling film into food during microwave heating 
may be one of the possible drawback involved. 
Apparently, the extent of migration of plasticisers was found to be much larger 
during microwave cooking, reheating and defrosting compared with that of under normal 
storage condition. The amount of plasticisers migrated during microwave heating might be 
several times more than that after months of storage. In the present study, it was also 
observed that considerable amount of plasticisers, may be up to 60 % of that migrated 
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during microwave heating, would be migrated into the food if contact was allowed 
between the cling film or packaging material during the cooling period. Moreover, it was 
demonstrated that the extent of migration would increase with the power output as well as 
the fat contents in food. Empirically, the former did show a linear correlation while the 
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Appendix U - 1 
Calibration Data for Plasticiser Standards using Isotopes Dilution Technique 
1. Di-n-butyl phthalate ( DBP ) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
1.15 .059 ^ 
2.94 0.15 0.16 — 
— 8.62 0.44 0.43 
\72 0.88 — 0.88 
— 57.2 2.92 2.73 
115 5.85 5.19 
172 8.78 7.52 — 
Slope = 22.17 ppm/unit ratio Correlation Coeff. = 0.9996 
2. Benzyl n-butyl phthalate ( BBP ) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
(ppm) 
. m .091 
^ 0.22 — 0.22 
7.44 “ 0.67 0.62 
14.9 — 1.34 1.34 
49.5 4.46 4.37 
99.1 — 8.93 8.41 
149 13.4 >12.2 — 
Slope = 11.74 ppm/unit ratio Correlation Coeff = 0.9998 
3. Di-(2-ethylhexyl) phthalate (DEHP) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
(ppm) 
^ ^ 
2.48 — 0.11 0.11 
7.65 — 0.34 0.34 
15.5 “ 0.69 0.69 
51.5 2.29 2.32 
103 一 4.58 — 4.55 
155 6.88 6.67 一 
Slope = 23.09 ppm/unit ratio Correlation Coeff. = 0.9998 
.176 
4. Dicyclohexyl phthalate ( D C H P ) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
^ ^ 
2.79 ~ 0.15 0.15 
8.55 — 0.46 0.45 
17.3 一 0.93 0.93 
— 57.7 “ 3.10 3.06 
115 “ 6.19 6.26 
173 9.29 9.13 
Slope = 18.79 ppm/unit ratio Correlation Coeff. = 0.9998 
5. Di-(2-ethylhexyl) adipate 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
(ppm) . 
1 05 .060 — ^ 
2.64 “ 0.15 0.16 
7.92 “ 0.45 0.45 
15.7 — 0.89 0.89 
2.98 — 2.78 
105 一 5.95 — 5.10 
157 8.93 7.52 
Slope = 20.53 ppm/unit ratio Correlation Coeff. = 0.9990 
6. Di-n-heptyl adipate ( D H A ) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
4.5 6 q ^ 0.16 
9.12 “ 0.36 0.37 
23.0 0.91 0.91 
69.2 “ 2.73 2.70 
138 ~ 5.46 5.31 
460 18.2 17.5 
Slope = 26.31 ppm/unit ratio Correlation Coeff. = 0.9999 
.177 
7. n-Heptyl octyl adipate ( H O A ) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
(ppm) 
L70 . m .086 
• 3M 0.18 一 0.16 
8.62 — 0.45 0.43 
25.7 — 1.34 1.34 
^ 2.68 — 2.80 
171 一 8.93 “ 8.86 
341 ~ 17.8 17.3 
427 22.3 22.7 
Slope = 19.12 ppm/unit ratio Correlation Coeff. = 0.9996 
8. n-Heptyl decyl adipate ( H D A ) 
Standard Concentration ratio Peak Area ratio 
Concentration (vs D4 internal std.) 
(EEE) 
I.70 .067 .066 
3.31 — 0.13 0.13 
II.4 ~ 0.45 0.43 
25.4 — 1.00 1.00 
50.9 2.00 “ 2.04 
170 ~ 6.61 6.88 
338 13.3 13.4 
425 16.7 18.2 
Slope = 25.13 ppm/unit ratio Correlation Coeff. = 0.9999 
. 1 7 8 
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Appendix II -2 
Experimental Data and Model Fitting for the Migration Study of Plasticisers 
4.5.1.1 Hard Candies 
stored at: 
wrapped by : cellulose acetate packaging material containing 1840 ^ g/dm^ DBP; 
1250 iig/dm^  BBP; 1620 |i^dm2 DEHP and 2090 pg/dm� DCHP. 
The thickness of the packaging material is 0.03 mm. 
a. DBP 
Amount of Plasticisers Migrated，jig/dm^ 
" T i m e ( w e e k ) 1 I 2 I 4 I 8 I 1 0 I 1 5 
Experimental “ 48.3 57.0 69.0 88.7 99.7 102.0 
~Model fitting 41.3 56.9 74.2 90.2 94.8 103.3 
rel. root mean square error = 0.066 
b. BBP 
Amount of Plasticisers Migrated , |ig/dm^  
Time (week) 1 2 4 7 I 10 13 
Experimental 21.3 26.0 35.0~ 46.7 47.7 53.7 
~Model fitting 19.4 27.2 36.8 44.7 49.4 52.6 
rel. root mean square error = 0.053 
c. DEHP 
Amount of Plasticisers Migrated， i^g/dni^  
Time ( w e e k ) 1 2 4 8 I 10 I 15 
Experimental 13.3 18.0 24.7 ~36.0 38.0 45.0 — 
~Model fitting 14.8 20.8 28.1 35.5 37.7 41.4 
rel. root mean square error = 0.100 
d. D C H P 
Amount of Plasticisers Migrated , {ig/dm^  
Time ( w e e k ) 1 2 4 7 I 10 15 
Experimental 28.7 31.7 53.7 58.3 72.0 80.3 
"l^odel fitting 26.6 37.3 50.3 61.1 67.5 74.0 
rel. root mean square error = 0.099 
.179 
4.5.1.2 Jelly Candies 
stored at: 25oC 
wrapped by : cellulose acetate packaging material containing 3170 ^ g/dm^ DBP; 
2050 |ig/dm2BBP and 3340 ng/dm2DCHP. 
The thickness of the packaging material is 0.04 m m . 
a. D B P 
Amount of Plasticisers Migrated，^g/dm^ 
Time (week) 一 1 2 4 8 I 10 13 — 
Experimental —51.8 62.0 92.4 “ 112.7 —117.8 132.^" 
Model fitting 48.2 67.6 91.4 115.6 122.9 130.厂 
rel. root mean square error = 0.047 
b. BBP 
Amount of Plasticisers Migrated, |Lig/dm^ 
Time (week) 1 2 4 8 | 10 13 — 
Experimental 22.1 25.7 34.8 ""“42.7 45.3 48.2 
Model fitting 24.2 31.4 38.0 43.4 44.8 46.4 
rel. root mean square error = 0.098 
c. D C H P 
Amount of Plasticisers Migrated, fig/dm^  
Time (week) 1 2 4 8 jp 13 
Experimental 16.3 26.8 34.8 51.4 51.8 52.2 
Model fitting 19.5 26.9 35.5 51.7 54.6 54.6 
rel. root mean square error = 0.063 
4.5.1.3 Chocolate 
stored at: 25oC 
wrapped by : cellulose acetate packaging material containing 4840 jig/dm^  D BP 
and 6480 ^g/dm^DCHP. 
The thickness of the packaging material is 0.04 m m . 
a. D B P 
Amount of Plasticisers Migrated , {ig/dm^ 
Time (week) 1 3 5 7 | 9 12 
Experimental 288 538 701 774 ^ 
Model fitting 328 550 672 751 一807 ~ ^ ~ 
rel. root mean square error = 0.094 
b. D C H P 
： Amount of Plasticisers Migrated , ^g/dm^ 
Time (week) 1 3 5 7 | 9 12 
Experimental 265 418 511 584— 648 706 
Model fitting 259 433 528 588 631 677 
rel. root mean square error = 0.039 
4.5.1.4 Fresh Beef 
stored at: -18°C 
wrapped by : PVC copolymer cling film containing 2240 jig/dm^  DHA; 2680 
Hg/dm^HOA and 2550 ^ig/dm^HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticisers Migrated, }ig/dm^  
Time (week) 1 3 6 9 | 12 | 14 \ 1 _ 
Experimental 6.5 10.4 | 11.9 | 13.2 13.4 14.6 14.4 
Model fitting 7.3 10.6 12.3 13.2 13.7 14.0 14.3 
rel. root mean square error = 0.042 
b. H O A “ 
Amount of Plasticisers Migrated, ^g/dm^ 
~ Y m Q (week) 1 3 6 9 I 12 I 14 17 
Experimental 6.7 ~ ~ 9 3 ~ 12.0 13.3 13.7 “ 14.7 
Model fitting 7.1 10.4 12.1 12.9 13.4 13.6 14.2 
rel. root mean square error = 0.051 
c. H D A 
Amount of Plasticisers Migrated, }ig/dm^  
"~Time (week) “ 1 3 6 9 I 12 14 17 
Experimental “ 6.3 8.7— 10.2 一 11.5 12.5 12.8 "~13T~ 
"Model fitting 5.8 8.9 10.7 | 11.7 丨 12.2 12.5 13.5 
rel. root mean square error = 0.036 
4.5.1.5 Pork Chop 
stored at: -18°C ‘ 
wrapped by : PVC copolymer cling film containing 2240 ^ g/dm^DHA; 2680 
Hg/dm^HOA and 2550 ng/dm^HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticisers Migrated, [ig/dm^  
Time (week) 1 3 6 9 I 12 14 
Experimental 10.0 14.8 16.0~ 17.0 17.8 ~ 18.2 
~Model fitting 10.2 14 3 16.3 17.2 17.8 18.1 
rel. root mean square error = 0.021 
b. H O A 
Amount of Plasticisers Migrated，^g/dm^ 
Time (week) 1 3 6 9 I 12 14 
Experimental 9.1 13.4 ""”14.5 15.1 16.0 18.9 
"Model fitting 9.0 13.0 15.1 16.1 16.8 17.1 
rel. root mean square error = 0.080 
.181 
c. PIDA 
Amount of Plasticisers Migrated，^ig/dm^ 
Time (week) 1 3 6 9 12 14 
Experimental 8.3 12.7 13.8 “ 14.6 一 1 5 . 0 _ _ i s l 
""Model fitting 8.7 12.1 13.8 14.6 15.1 15.3 
rel. root mean square error = 0.028 
4.5.1.6 Chicken Patties (skin) 
stored at: 
wrapped by : P V C copolymer cling film containing 2240 jig/dm^DHA; 2680 
|ig/dm2H0A and 2550 ng/dm^HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticisers Migrated , ^g/dm^ 
Time (week) 1 3 6 9 12 H 
Experimental 63.0 90.2 118 129 ~ ~ f ^ 
Model fitting 63.0 95.2 113 122 128 130 
rel. root mean square error = 0.059 
b. H O A 
Amount of Plasticisers Migrated，tig/dm^ 
Time (week) 1 3 6 | 9 | H 
Experimental 85.5 ~~120 142 157 166 166__ 
"l^del fitting 82.4 123 145 156 163 166 
rel. root mean square error = 0.022 
c. H D A 
Amount of Plasticisers Migrated , ug/dm^ 
Time ( w e e k ) 1 I 3 I 6 I 9 | 12 | H 
Experimental 64.5 104 130 141 143 
Model fitting 66.0 103 一 128 137 
rel. root mean square error = 0.024 
4.5.1.7 Chicken Patties (meat) 
stored at: -18°C 
wrapped by : P V C copolymer cling film containing 2240 ^ g/dm^DHA; 2680 
\ig/dm^ H O A and 2550 ^ ig/dm: HDA. ’ 
The thickness of the film is 0.02 mm. 
.182 
a. D H A -
Amount of Plasticisers Migrated , tag/dm^  
~ ~ f i m e ( w e e k ) 1 3 6 9 I 1 2 1 4 
Experimental “ 77.3 "“""“108 116— 133 134 131 
""Model fitting 76.3 107 122 130 134 136 
rel. root mean square error = 0.036 
b. H O A 
Amount of Plasticisers Migrated , |ig/dm^  
Time (week) 一 1 | 3 丨 6 | 9 | 12 | 14 
Experimental “ 65.0 ""“116 129 135 136 148 
Model fitting 69.4 106 126 136 143 146 
rel. root mean square error == 0.055 
c. H D A 
Amount of Plasticisers Migrated , |ig/dm^  
" " r T m e ( w e e k ) 1 I 3 I 6 I 9 I 1 2 I 1 4 
Experimental 86.1 ~~109— 129— 137 147 —138 
~~Mode\ fitting 85.5 111 123 129 132 134 
rel. root mean square error 二 0.075 
4.5.1.8 Pork Chop 
stored at: 4°C 
wrapped by : PVC copolymer cling film containing 2240 \ig/dm^  DHA; 2680 
^g/dm^HOA and 2550 ng/dm^HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, )ig/dm^  
Time (day) 1 I 3 I 7 丨‘ 10 14 
Experimental 144 154 170 165 167 
"~Model fitting 119 151 169 — 174 —179 
rel. root mean square error = 0.100 
b. H O A 
Amount of Plasticiser Migrated, }ag/dm^  
Time (day) 1 I 3 I 7 I 10 14 
Experimental 161 212 223 231 2 3 7 ~ 
"l^odel fitting 156 202 227 — 235 241 
rel. root mean square error = 0.036 
c. H D A 
Amount of Plasticiser Migrated, fig/dm^  
Time (day) 1 3 7 I 10 14 
• Experimental 144 214 225 一 2 3 0 ^ 
"Model fitting 152 199 224 一 232 239 
rel. root mean square error = 0.051 
.183 
4.5.1.9 Fresh Beef 
stored at: 4°C 
wrapped by : P V C copolymer cling film containing 2240 jig/dm^DHA; 2680 
—―一一 ng/dm2H0A and 2550 ^ig/dm2HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, |ig/dm^  
Time (day) — 1 3 7 I 10 14 
Experimental “ 10.9 12.2 ""“13.1 13.7 14.0~~ 
Model fitting 9.4 12.1 13.5 14.0 14.4 “ 
rel. root mean square error = 0.074 
b. H O A 
Amount of Plasticiser Migrated, ^ig/dm^ 
Time (day) — 1 3 . 7 I 10 14 
Experimental ^ ^ 9A 9.4 9.5 
Model fitting —6.3 8.1 9.1 9.5 " f 9.7 
rel. root mean square error = 0.043 
c. H D A 
Amount of Plasticiser Migrated, jig/dm^  
Time (day) 一 1 3 . 7 I 10 14 
Experimental 5.0 ^ ^ ^ 6.4 
Model fitting 4.4 5.7 6.3 6.5 6.7 一 
rel. root mean square error = 0.071 
« 
4.5.1.10 H a m Slice 
stored at: 4°C 
wrapped by : P V C copolymer cling film containing 2240 jig/dm^ D H A ; 2680 
.Hg/dm2H0A and 2550 iig/dm^HDA. 
The thickness of the film is 0.02 nun. 
a. D H A 
Amount of Plasticiser Migrated, [ig/dm^ 
""”Time (day) 1 3 7 I 10 14 
Experimental “ 95.8 — 126' —1 3 5 149 150 
"Model fitting 78.8 115 138 145 1 5 2 ~ 
rel. root mean square error = 0.092 
.184 
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b. H O A 
Amount of Plasticiser Migrated, ji^dm^ 
~ T i m e (day) 1 3 7 | 10 14 
Experimental 118 159 “ 177 179 183 
Model fitting 106 152 168 200 ~ ~ ^ 
rel. root mean square error = 0.120 
c. H D A 
— Amount of Plasticiser Migrated, jig/dm^  
Time (day) “ 3 7 I 10 14 
Experimental 97.4 137 — 156 一 167 
Model fitting 98.3 135 157 164 170 
rel. root mean square error = 0.019 
4.5.1.11 Smoked Salmon 
stored at: 4°C 
wrapped by : PVC copolymer cling film containing 2240 lig/dm^DHA; 2680 
Hg/dm2H0A and 2550 ng/dm^HDA. ’ 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, ^g/dm^ 
Time (day) — 1 3 7 I 10 14 
Experimental 565 — 693 ~~786 790 791 
Model fitting 530 687 773 800 m 
rel. root mean square error = 0.040 
b. H O A 
Amount of Plasticiser Migrated, lu^dm^ 
Time (day) 1 3 7 I 10 14 
Experimental 721 856 “ 938 ~ 1 0 2 0 _ 
Model fitting 663 868 980 1020 
rel. root mean square error = 0.046 
c. H D A 
Amount of Plasticiser Migrated, 
Time (day) — l 3 7 | IQ 14 
Experimental 648 一 771 883 ~ ^ ^ 
Model fitting 601 783 883 ~ ~ ^ 
rel. root mean square error = 0.086 
.185 
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4.5.1.12 Chicken Patties (skin) 
stored at: 4。C 
wrapped by : PVC copolymer cling film containing 2240 ^ g/dm^DHA; 2680 
Hg/dm^HOA and 2550 ^g/dm2HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, f^i/dm^  
Time (day) 1 I 3 I 7 I 10 14 
Experimental 639 673 689 697 7 n 
Model fitting 512 647 ~ 718 741 TO 
rel. root mean square error = 0.122 
b. H O A 
Amount of Plasticiser Migrated, ^g/dm^ 
Time (day) 1 3 7 I 10 14 
Experimental 726 81_5j 890 ^ “ ^ 
Model fitting 624 801 ^ ^ ’ ^ 
rel. root mean square error = 0.079 
c. H D A 
Amount of Plasticiser Migrated, ^g/dm^ 
Time (day) 1 3 7 | 10 14 
Experimental 685 “ 793 832 — 一880 889 — 
—Model fitting 601 772 964 “ 894 — 918 
rel. root mean square error = 0.069 
4.5.1.13 Chicken Patties (meat) ‘ 
stored at: 4oC 
wrapped by : PVC copolymer cling film containing 2240 ^ g/dm^DHA; 2680 
Hg/dm^HOA and 2550 [ig/dm^HDA. 
• The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, ug/dm^ 
Time (day) 1 | 3 | 7 | 10 | 14 
Experimental 200 — 217 "“""“284 321 307 — 
Model fitting 164 225 276 331 340 
rel. root mean square error = 0.110 
• 186 
b. H O A 
Amount of Plasticiser Migrated, ^g/dm^ 
Time (day) 1 3 7 | 10 14 
Experimental 158 226 | 235 246 W a 
—Model fitting 161 215 245 255 263 
rel. root mean square error = 0.053 
c. H D A 
Amount of Plasticiser Migrated, u^dm^ 
Time (day) 1 3 7 | 10 | 14 
Experimental 144 2QQ___ 2U ^ ^ 
Model fitting 131 187 206 —245 ~~251 ~ ~ 
rel. root mean square error = 0.120 
4.5.1.14 Fresh Apple 
stored at: 4°C 
wrapped by ： PVC copolymer cling film containing 2240 [；g/dm^DHA; 2680 
|ig/dm2H0A and 2550 [ig/dm^HDA. ， 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, u^dm^ 
Time (day) 1 I 3 I 7 I 10 14 
Experimental 89.0 一 125 “ 134 — 140 M l ~ ~ 
Model fitting 91.1 120 136 142 146 “ 
rel. root mean square error 二 0.036 
« 
b. H O A 
Amount of Plasticiser Migrated, mg/drti^  
Time (day) 1 I 3 I 7 I IQ 14 
Experimental 100 128 154 一 ~ 
~Model fitting 99.1. J 131 149 155 謂 
rel. root mean square error = 0.028 
c. H D A 
Amount of Plasticiser Migrated ug/dm^ 
Time (day) 1 3 7 I ip 14 
Experimental 130 H ^ 
Model fitting 85.8 123 136 1 6 2 ~ 166 
rel. root mean square error = 0.120 ~“ 
187 
I • • 
4.5.1.15 Chiffon Cake 
stored at: 
wrapped by : PVC copolymer cling film containing 2240 jig/dm^  DHA; 2680 
ILg/drnmOA and 2550 ^g/dm^HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, |ig/dm^  
"~Time (day) 1 3 7 I 10 14 一 
"Experimental — 60.6 ~~77.1 92.0~ 96.6 100 
~Model jStting 58.8 80.0 92.1 96.1 99.4 — 
rel. root mean square error = 0.024 
b. H O A 
Amount of Plasticiser Migrated, g^/dni^  
— � i m e ( d a y ) 1 3 7 I 1 0 1 4 
Experiment^47.9 ~~61.2 7 3 . 2 ~ 75.8 78.5 
~Model fitting 46.8 63.2 72.6 75.7 78.2 
rel. root mean square error = 0.020 
4.5.1.16 Cheddar Cheese 
stored at: 
wrapped by : PVC copolymer cling film containing 2240 ^ g/dm^DHA; 2680 
^ig/dm^HOA and 2550 ng/dm^HDA. 
The thickness of the film is 0.02 mm. 
a. D H A 
Amount of Plasticiser Migrated, p.g/dm^  
""rime (day) 1 3 7 I 10 14 
Experimental 89.4 — 117 129 133 137 — 
"Model fitting 87.8 115 130 134 138 — 
rel. root mean square error = 0.015 
.188 
b. H O A 
Amount of Plasticiser Migrated, |ig/dm^  
Time (day) 1 3 7 I 10 14 
Experimental 51.9 68.0 —80.6 —84.0 819 
"Ivlodel fitting 51.1 69.5 80.0 —83.5 86.2 
rel. root mean square error = 0.015 
c. H D A 
Amount of Plasticiser Migrated, |Lig/dm^  
Time (day) 1 3 7 | 10 14 
Experimental 17.5 — 25.5 28.9 31.0 34.2 
^ o d e l fitting 17.7 25.0 29.4 30.8 32.0 
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